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Abstract

Frequency Dependent Response of
Diamond Schottky Barrier diode to Large and
Small Electrical Signals

By
Boonchoat Paosawatyanyong

The response of diamond Schottky barrier diodes to time varying signals has been
studied as a function of frequency and bias voltage. Both small signal waveforms
superimposed upon a dc bias, as well as large signal sinusoidal waveforms which drive
the diode between reverse and forward bias have been studied. The diodes are formed on
thin polycrystalline diamond films deposited by a microwave plasma assisted deposition
process. The Schottky metal is typically aluminum. The ohmic contact is generally a
back-contact p-type silicon wafer on which the diamond is deposited, although tungsten
contact overlaid with protective a layer of gold has also been successfully used. Coaxial
microprobes contact the test wafers which are placed on a temperature controlled
substrate holder. Measurements are performed over a temperature range of 27 °C to 127
°C. Films synthesized under various growth conditions have been tested in this study.

The experimental results of small signal test are compared to three computer
models, which are: (I) a simple model that includes as input parameters the bulk series
resistance, the capacitance associated with the bulk material between the space-charge
layer and the ohmic contact, the space-charge layer capacitance, and the diode dynamic

resistance; (II) a model with additional of a contact resistance; and (III) a model which



includes the effect of trap states represented by frequency-dependent capacitance and
resistance.

The experimental results of the large switching signal test are compared to
computer (SPICE) simulations which include as input parameters the bulk series
resistance, the ideality factor, and diode saturation current, obtained from dc
measurements. Also included are the space-charge layer capacitance, and the capacitance
associated with bulk material between the space-charge layer and the ohmic contact
obtained from curve-fitting. Good agreement is obtained between experimental switching
observations and model predictions. For the diodes in this study, the best large signal
switching frequency between forward and reverse bias is approximately 10 KHz, and the
highest small signal varistors frequency performance is approximately 200 KHz.

For many operating conditions, the speed response of the diode is limited by the
high bulk resistivity of the undoped diamond films. The simulation study indicates that
doping the diamond film and constructing diodes with a lower bulk resistance while
maintaining the space-charge layer properties would significantly improve the diode

switching speed performance.
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CHAPTER 1

Introduction

1.1 Research motivation

The utilization of semiconducting diamond for high performance electronic
devices has been of interest to researchers for many years. For example, the electronic
properties of diamond have been investigated since the 1930's and attempts to fabricate
diamond semiconductor devices started in the 1950’s [1]. Some of the initial interest in
semiconducting diamond was mainly for high temperature and corrosion resistant
semiconductor application, based on diamond’s high energy gap and chemical stability.
However, as the material parameters became better known, it became evident that
diamond possesses a combination of material properties that, in many respects, make it
ideal for various electronic applications. To date diamond has been proposed for use as
power and microwave devices (bipolar and field-effect [2] [3] transistors), thermistors
[4], switching devices, display amray (field-emission diodes [S]) and various types of
detectors (radiation [6], X-ray [7], and ultraviolet photo-detectors [8]).

The early attempts to utilize diamond were delayed by technological problems
related to crystal growth, purity and doping, and also to the development of suitable

ohmic and rectifying contacts [9]. Moreover, the high cost of even small diamond



samples has been an inhibiting factor in diamond device progress. Lately, a less
expensive, low-pressure diamond synthesis technique, which uses chemical vapor
deposition (CVD), has been developed. The economical deposition of diamond over
relatively large substrates (=10 cm in diameter) is now possible. The resulting CVD
diamond is polycrystalline, unless the underlying substrate is single crystal diamond.
Although the properties of CVD diamond rival those of natural diamond [10] [11], device
physics of CVD diamond is still primitive compared to Si and GaAs.

Most, if not all, devices rely on rectifying contacts or rectifying junctions for their
operation. Because of fabrication simplicity, diamond Schottky barrier diodes have been
studied by many researchers. However, most previous reports are based on dc
characteristics and have investigated the current transport mechanism through the
metal/diamond contact by means of thermionic emission theory [12][13][14][15][16]
while ac properties of metal/diamond contact have received much less attention.

There are several questions regarding frequency dependent electrical properties of
the diamond Schottky diode which need to be answered if diamond-based technology is
to be developed to the point where high performance devices can be realized. For
example, it is not currently clear whether the observed frequency dependencies of
diamond Schottky diodes are primary due to barrier dynamic or bulk resistivity effects.
Identification of the appropriate equivalent circuit to represent the electrical properties of

diamond Schottky diodes is also another question to be resolved.



1.2 Research objective

The main objective of this study is to add to the current understanding of the
frequency-related performance under both large signal switching and small signal
responses of diamond Schottky barrier diodes. To the investigator's knowledge,
information on the experimental switching large-signal responses of diamond Schottky
barriers were not been previously published prior to the investigator's paper at the
Diamond 1997 Conference, 3-8 August 1997, Edinburgh, Scotland.

The small signal responses of diamond Schottky barrier diodes have been
previously studied [15][17][18][19], however, these studies only emphasized the
capacitance versus reverse bias voltage characteristics. As a result, the more general issue
of complex admittance versus frequency still remains to be studied. There are currently
two interpretations on capacitance-voltage-frequency relation on diamond Schottky
barrier diode. One includes the effect of deep state traps in diamond [15] [18] [19] [20],
the other explains the relation only by the combination of junction, bulk, and contact
properties of the diode without a trap role in diamond [17] [21]. This research explores
further the possibility of both interpretations by investigating the entire small signal

admittance, not only the capacitance, at both reverse and forward bias.



1.3 Dissertation organization

This dissertation i1s divided into seven chapters. After an introduction in this
current first chapter, the dissertation is organized and covered in the following order.

Chapter 2 provides background and previous studies of electrical characteristics
of Schottky barrier diode, particularly in diamond. Also included is the review of
electrical models of diamond Schottky diode proposed by other researchers.

Chapter 3 described the sample preparation process, the experiment setup and
equipment used in this research.

Chapter 4 presents the experimental results and discussion on dc characteristics of
diamond Schottky barrier diodes. The dc model simulations are created based on the
experimental data.

Chapter 5 presents the results of the small signal responses of the diamond
Schottky diodes. The results are compared with three types of circuit simulations; basic
model, basic model with contact resistance effects, and model which include trap state
effects.

Chapter 6 presents the results of the large switching signal responses of the
diamond Schottky diodes. The model simulations are generated to match the
experimental results. Methods for possible improvement in diode speed are also
discussed.

Chapter 7 concludes this study with an analysis of the presented results and a

discussion of the open research issues and suggestions for future work.



CHAPTER 2

Background

2.1 Chapter overview

This chapter reviews the background necessary for discussing the electrical
characteristics and responses of diamond Schottky barrier diodes under dc and time
varying signals. It begins with a discussion of Schottky barrier diodes in general followed
by a description of the basic equations used to describe the dc voltage-current
characteristic of the diode. Next, the response of a general Schottky diode to ac signals is
considered. Models, equations and possible expectations are given for small and large
signal excitation. The electrical properties of diamond as a semiconductor are then briefly
discussed. Finally, the focus falls on diamond Schottky barrier diodes in particular, in

terms of both dc and ac responses reported by others.

2.2 Schottky barrier diodes

Metal contacts to semiconductor can be ohmic, rectifying or in between. When a
metal is placed in contact with a semiconductor, charge transfer occurs until the Fermi
levels align at equilibrium. This process alters the potential level in both materials. In a

metal the Fermi level is essentially at the highest occupied state in the conduction band.



Actually the Fermi level comresponds to 50% occupancy probability for a given state,
however the Fermi-Dirac distribution falls off rapidly above the Fermi energy. An energy
required to remove an electron at Fermi level of the metal to the vacuum level is defined
as the metal’s work function ¢,,. Also, the work function for the semiconductor ¢; is
defined as the distance from the semiconductor Fermi level to the vacuum level [22].

Let us first consider a metal contact with p-type semiconductor. For a p-type
material, the Fermi level lies closer to the valence band than to the conduction band at
equilibrium. In the case ¢, > ¢ as in Figure 2.1(a), the metal’ s Fermi level is initially
higher than that of semiconductor. When a metal is placed in contact with such a p-type
semiconductor under zero applied voltage, holes; majority carriers vacate from the
semiconductor to the metal and create a negative charge region of width W in the
semiconductor near the junction interface. This interface region which is vacated by holes
is called a “depletion region” or “space charge region”. The change in potential caused
by uncompensated ionized acceptors bend the bands in semiconductor as shown in Figure
2.1(b), creating a contact or built-in potential Vy;, which prevents further net hole
diffusion from the semiconductor into the metal. This contact potential Vy,; retarding hole
diffusion at equilibrium is given by ¢¢ — ¢m. The potential barrier height ¢g, for hole
injection from metal into the semiconductor valence band is E, — (¢« — %), where %
(called electron affinity) is measured from the vacuum level to the semiconductor
conduction band edge, and E; is the band gap energy of the semiconductor [23] [24]. The
equilibrium potential difference Vy; can be decreased or increased by the application of
either forward or reverse bias voltage. Note that band bending in metal is negligible

because of its much higher carrier density.
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Figure 2.1 Schematic band diagram for metal to p-type semiconductor

contact when ¢ > ¢, showing band bending in the semiconductor [22] [23]



A similar description can be given for a metal and n-type semiconductor contact.
However, in n-type material, the Fermi level is lying closer to the conduction band at
equilibrium. Figure 2.2(a) illustrates a metal contact on a n-type semiconductor, with
®m > ¢. In this case aligning the Fermi levels at equilibrium requires a negative charge on
the metal side and a positive charge on the semiconductor side of the junction. The
positive charge is accommodated by a depletion region W in which ionized donors are
left uncompensated by electrons. The potential barrier Vi, retarding electron diffusion
from the semiconductor to the metal is ¢, — ¢s, and as before this barrier can be raised or
lowered by the application of voltage across the junction. The limiting value of the
barrier height ¢gy, is given by ¢m — %.

At zero applied voltage, the system is at equilibrium. The negative charges (p-
type) or positive charges (n-type) due to uncompensated carriers within W match the
opposite charges on the metal and the net current will be zero across the junction. If a
forward (V¥) or reverse (VR) bias is applied across the junction, the semiconductor bands
will shift down or up in energy rélative to the metal as shown in Figure 2.1(c) and Figure
2.1(d) in p-type and Figure 2.2(c) and Figure 2.2(d) in n-type semiconductor,
respectively.

In equilibrium the net current flow across the Schottky junction is zero since the
carrier flow from metal to semiconductor and from semiconductor to metal are equal, but
in opposite directions, hence they cancel. A metal-to-p-type junction is forward biased
when the semiconductor is positively biased relative to the metal. When forward biased
as in Figure 2.1(c), the barrier for p-region holes is decreased by the value of bias

voltage, and the semiconductor to metal current flow across the junction increase sharply.
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Figure 2.2 Schematic band diagram for metal to n-type semiconductor

contact when ¢, > ¢, showing band bending in the semiconductor [22] [23]
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Hence the net current in the diode increases. When reverse biased as in Figure 2.1(d), the
barrier for semiconductor holes is increased, reducing the semiconductor to metal current
flow to essentially zero. However, the metal to semiconductor carrier flow remains the
same since the metal to semiconductor barrier height is unchanged by bias. Under this
condition, a small reverse current flows.

Contacts that behave as described above are called Schottky barrier diodes and
exhibit non-linear I-V characteristics as shown in Figure 2.3 for an ideal diode, where

positive voltage represents forward bias.

Forward
direction

Current

Contact voltage

Reverse direction

Figure 2.3 Current-voltage characteristics for an ideal Schottky

barrier diode [25]
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2.3 Schottky barrier diodes current-voltage equation

One difference between Schottky barrier diodes and p-n junction diodes is that
Schottky barrier diodes operate as a majority-carrier device under low-level injection
conditions [26]. As a consequence, storage delay time (due to storage of minority
carriers) on switching from forward to reverse bias is eliminated and fast response is
obtained.

The forward current-voltage (I-V) characteristics of a Schottky barrier diode
obeying the thermionic emission theory is given by the following Shockley equation [22]

[23][27] [28]

I =1,lexp(qV,/kT)—1] 2.1)

where q is the electronic charge, V; the voltage applied across the diode, k is the
Boltzmann constant, and T is the absolute temperature. The value Ip can be determined

from the equation

I, = A A** T*exp(-q¢, | kT) (22)

where A. is the effective area of the diode, A** is the effective Richardson’s constant and
¢s is the Schottky barrier height of the diode.
A complication of the current-voltage relationship in practical diodes is that, for

large forward currents, the voltage drop across the diode series resistance Rg associated

11



with the neutral region of the semiconductor (between the depletion region and the ohmic
contact) causes the actual voltage developed across the barrier region (V)) to be less than
the voltage applied to the terminals of the diode (V). The voltage V; across the diode can
then be expressed in terms of the total voltage drop V across the series combination of the

diode and the resistor. Thus, V; =V - IRy, and for V; > 3kT/q, I becomes

I= ]()[exp(q(V_]RH)/kT)]

where I is the current through the diode. Figure 2.4 shows the diversion from the straight
line of I-V plot of a diode, which indicates the effect of series resistance at high forward
voltages.

Furthermore, most Schottky diodes show deviations from ideal behavior. It is a
common practice to approximately account for many of the effects by which the diode
characteristics deviate from the above equation (i.e. non-ideal effects) by a empirically

determined dimensionless parameter called the ideality factor n such that.

I=1,lexp(q(V - IR,)/ nkT)] (23)

Low forward bias non-ideal effects include barrier height lowering, quantum
mechanical tunneling of carriers through the junction, and recombination of the carriers
in the depletion region. On the other hand, the effects of drift and diffusion of carriers in
the space charge layer and minority carrier injection are significant at very high bias

corresponding to high field and large current density [27]
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InZ

Figure 2.4 Deviation from ideal diode characteristic straight line when series

resistance Rp is presented [29]. AV is the bulk voltage IRp.

With the proper choice of Io, n, and Rg, Equation 2.3 can be generally used to
approximately describe the behavior of a given diode. However, when using current-
voltage data to provide diagnostic information about the barrier, it is necessary to treat
this equation with caution because different barrier structures can result in the same value
of  over a given range of current [30].

A method to extract the series resistance Ry of ideal Schottky diodes (i.e., n = 1)
was proposed by Norde [31]. For the n > 1 cases, Sato and Yasumura [32] modified
Norde' s approach to extract the values of n, ¢s, and Rg from the forward I-V data of a
Schottky diode. For a given Schottky diode, their approach requires two or more
experimental I-V measurements conducted at different temperatures and the

determination of the comresponding minima of the modified Norde’s function. This
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research, however, did not use their method since most I-V measurements were
conducted at room temperature.

The barrier height of a Schottky diode is also an important parameter in the
simulation of the device. From Equation 2.2, if the value of the effective Richardson’s
constant A** is known then the barrier height ¢s can be obtained from

4y = Lin AATT 2.4
q I,
Generally, A** is not known. However, the value of ¢g is not very sensitive to the choice
of A** since at room temperature, a 100% rise in A** will only cause the increase of
0.018 Volt in ¢p.
Another traditional method for evaluating the barrier height from the I-V data is

the activation energy method. Equation 2.2 may be rewritten as
1 qés (1
In| =% |=In(A4, A**)- 22| — 2.5
{L2) - aen- 21 e

One can experimentally obtain the saturation current lp at several temperatures,
consequently, the slope of a semi-log plot of (Io/T?) versus (1/T) yields the value of
effective barrier height and the intercept on the axis gives the logarithm value of effective
Richardson’s constant. The advantage offered by this method is that prior knowledge of
either the Richardson’s constant A** or the diode’s effective area A. is not necessary.
Analysis of the I-V characteristic at different temperatures could also yield the

value of another parameter, the activation energy E,. The temperature dependence of the
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bulk resistance Rg of the semiconductor is inversely related to bulk conductivity o; which

can often be described by the equation [15][18][23]

—[—:; oc o =const- exp(—k—]f;j’) (2.6)
Thus, a semi-log plot of Rg versus (1/T) should be linear and the slope would correspond
to the activation energy of the semiconductor.

As mentioned above, Schottky barrier diodes operate with majority carriers,
however at sufficiently high current densities, minority-carrier effects can become
significant. Injection of minority carriers leads to excess carrier storage in the bulk of the
devices. The stored excess carriers, in turn, change Schottky barrier diodes I-V
characteristics as shown in Figure 2.5. Under forward bias, minority carriers are injected
into the bulk of the semiconductor and travel for an average distance of the diffusion
length before they recombine with majority carriers. For semiconductors with large
diffusion lengths compared to the semiconductor thickness, such as Si [33], most of the
minority carriers reach the contact before being recombined. Hence, minority carrier
injection leads to the presence of excess minority carriers throughout the bulk part of the
devices. The excess minority carrier concentration can be considerably higher than the
material’s equilibrium concentration. These excess minority carriers, in addition to the
excess majority carriers stored in the bulk to maintain quasi charge neutrality, give rise to
an increase in the bulk conductivity, . The increase in conductivity, or conductivity

modulation, Ag, is given by [29]
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Ao =q(u,An+ p,Ap)

Where An and Ap are excess electron and hole concentration and p, and p, are electron
and hole mobilities. Conductivity modulation results in a decrease of the resistance of the

epitaxial layer, consequently, the diode conducts a larger value of current for a given

voltage compared to without modulation.

In(I)

Figure 2.5 Minority carrier injection results in bulk conductivity modulation
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2.4 Small signal response of Schottky barrier diodes

In the last section, the response of Schottky barriers to a dc voltage has been
described. However, most of the important applications of the Schottky barrier diode
involve time varying signals, either small signal or large signal. The responses of the
diode to a small signal (sine wave) voltage superimposed upon the dc voltage is therefore
one issue we wish to study. The term “small signal” implies that the peak value of the ac
signal current and voltage are much smaller than the dc values.

Usually the signal responses are studied in term of small signal admittance (Y), of
which the real part is related to resistance and the imaginary part is primarily related to
capacitance in the equivalent circuit models. A simple approach to model the Schottky
barrier diode for small signal purposes is by parameters R;, C;, Rg, and Cg as illustrated in
Figure 2.6(a) [34][35][36][37]. The device admittance can be represented either by a

parallel or series equivalent circuit as shown in Figure 2.6(b).

Rp
AAA
wy ’_
R R
N e —i—
vy wy C
- &
— =

(@) (b)

Figure 2.6 (a) Schottky barrier diode is modeled by a combination of C;, R;, Cg and Rg. (b)

The measurement circuit can then be represented by parallel or series equivalent models.
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As in the last section, the bulk resistance of the diode is labeled as Rg. However,
under time varying signals, we also need to consider the capacitive effect from the
geometry of the bulk part. Rg is then modeled in parallel with capacitance Cg. This
combination is in series with the depletion region, which modeled by the parallel
combination of a small-signal resistance Rj, and capacitance C;.

The capacitance C; of a Schottky barrier is associated with its depletion region,
which in some respects resembles a parallel-plate capacitor with a separation between the
plates that increases when reverse bias is applied and decreases with forward bias [27].
Such phenomenon is caused by a change in the depletion layer width. Consider the
depletion region at some fixed value of reverse bias voltage V;. For a Schottky barrier

diode, the depletion width is given by [32]

W= {2_5(;/1”, v, _ﬂ)] - @.7)
gN q

Where Vy, is the difference between the work function of metal and semiconductor and N
is the semiconductor dopant concentration, assumed to be uniform. With a small signal
superimposed, V; is replaced by (Vi+vj) and W changes by an increment AW. The

depletion-region capacitance C; is obtained from the parallel plate capacitance formula as

c =& (2.8)

W

where € is the dielectric constant of material and A. is area of the diode. The above
equation, however, is valid provided W is essentially fixed; that is, AW must be small

compared to W [83]. For a small signal |vj| <<|Vj|, then AW << W gives
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C.=
, [z(vb,.-n-kr/qj

The above equation is often generalized and written in term of the zero-biased junction

capacitance Cj,. At V;= 0; then the definition of C;, is as follows

AN |
C.=Cil o= __9eA N (2.9)
' ’ 2(V, kT /q)
This gives
C.
C; = e (2.10)
Vs
|
vV
¢ >
-(Vyi - KT/0) reverse bias
Figure 2.7 Variation of (l/C,-)2 with reverse bias V; for Schottky barrier diode [27]
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If N is constant throughout the depletion region, a plot of (1/Cj)2 versus Vj should give a
straight line with an intercept of — (V,i—kT/q) on the voltage axis as shown in Figure 2.7.
The depletion region resistance R; of Schottky barrier diode is derived under the
assumption that the carriers are able to response to the signal quasi-statically; that is the
carriers return to near steady state in much less time than the period of the signal. Thus,
the diode reacts instantaneously to a small signal (v;) superimposed on the dc value (Vy)
and the time-dependent response can be treated as a series of dc solutions at incremental

step [24][38]. The diode Equation 2.1 with the perturbed small signal is then becomes
1(Vi+vj) =lolexp(q (Vs +vj) / kT) - 1]

And the small signal current i is defined as i = I(V,+vj) — I(V)). By Taylor series

expansion, keeping only first two terms, i can be written as

- [a
Y
J

The small signal conductance of the junction is defined from above equation as

By differentiating the ideal diode equation, I(V)) = Io[exp(q V) /kT) — 1], we obtain the

small signal conductance as
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dl q qV. q
G= _1 Dexp[ D)= (141
av,  °kT p(kT) i (o)

Then the junction or “dynamic resistance” R; can be obtained from the reciprocal of G

kT kT
ql+1) gl

1
e

2.11)

As can be derived, according to circuit in Figure 2.6, the Schottky barrier diode can be

represented in either parallel or series equivalent circuit model with the following

parameters
. _ CR} +CyR; + 0 RIR;C,Cy(C, +Cp)
TS R R+ @ RRC +C, )
(2.12)
__(R+R) + @’ RIR(C; +C,)’
" (R, +Ry)+®*R,R,(C*R, +C2R,)
and
ZRZC 2p2 !
c | 2RC @°R;Cy
1+ 0’RIC: 1+ 0’R;C;
(2.13)
R - R, R,
S 222 2
1+@’RIC; 1+ 0’RiC;

Here o is the frequency of the small signal, C; and R; are the depletion region capacitance

and dynamic resistance respectively, Rg is the bulk series resistance associated with the

21



neutral region of the semiconductor as described in section 2.3, and Cg represents the
capacitance of this bulk part of the diode (between the depletion region and the ohmic

contact). If L is the total length of the diode, Cg can be calculated from

Cp= (2.14)

Let us examine the two limiting cases.

(I) Atlow frequency (0 — 0), Cp in Equation 2.12 becomes

C.R; +CyR;

O="R R,y

The value of Cp(0) depends whether the diode is under forward or reverse bias. Under
reverse bias, R; is very large due to small reverse bias current; R; >> Rp. As a result,
Cp(0) — C;. However, if the diode is under forward bias, R; is small (R; << Rg). Then
Cp(0) — Cs.

(II) At high frequency (@ — ), Cp in Equation 2.12 instead becomes

CCy (8’4)2(%)(#) _

C,+C, SA(_1_+_1 L
W L-w

Cp() =

This means Cp(oc) approaches the geometrical capacity of the whole diode regardless of
the bias condition. Figure 2.8 shows the typical Cp responses one would expect from the

model of Figure 2.6(a) and the above limiting cases [39].
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Figure 2.8 Anticipated log-log plots of Cp versus frequency from

Equation 2.12 under forward and reverse bias
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Figure 2.9 Anticipated log-log plots of Rp versus frequency from

equation 2.12 under forward and reverse bias
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Figure 2.10  Anticipated log-log plots of Cs versus frequency from

equation 2.13 under forward and reverse bias
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Figure 2.11  Anticipated log-log plots of Rs versus frequency from

equation 2.13 under forward and reverse bias
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We can also explore the two limiting cases of Rp.

(I) At low frequency (w — 0), Rp in Equation 2.12 becomes just (R;+Rg). The value of
Rp(0) again depends on the bias condition of diode. Under reverse bias, R; >> Rp. Thus,
Rp(0) = R;. Under forward bias, Rj << Rg then Rp(0) — Rg.

(1) At high frequency (0 — ), Rp in Equation 2.12 now becomes

CRR,(C,+C,)

R, () =—= .
’()(q&+q&)
R.(C.+C,)*
a%l’)— ; reverse bias R, >> R,
J
Rj(C,.+C,,)2 )
— ————— ; forward bias R, << R,
C; !

Typical Rp responses one would expect from the model of Figure 2.6(a) and above
limiting cases are illustrated in Figure 2.9. By same consideration, we can reach the

limiting cases result for Cs and Rs shown in Figure 2.10 and 2.11 respectively.

2.5 Large signal response of Schottky barrier diodes

In circuit applications, Schottky barrier diodes are also often used as a switch
which is “ON” when the diode is conducting in forward direction and “OFF” or non-
conducting when a reverse potential is applied to the devices. Consider a forward bias
voltage V¢ applied to the circuit so that the Schottky barrier diode is the ON state carrying
a current Iy = VYR, where the current is limited by a circuit load resistance R, much

greater than the diode junction and series resistance. Now consider that the potential is
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suddenly reversed in an attempt to place the diode into the non-conducting OFF state. At
low forward bias, the minority carrier injection level in a Schottky barrier diode is
negligible [33] and the entire switching current is due to discharge of the junction and
parasitic capacitance. Figure 2.12 gives an idealized plot of the reverse-recovery current

through the load resistor R;. as a function of time [24].

Current

Time

Figure 2.12  Idealized Schottky barrier diode switching waveform [33]

Again at high forward bias voltage, minority-carrier effects have been reported to
become significant in Si Schottky diodes. Injection of minority carriers leads to excess
carrier storage in the bulk of the diodes. Consequently, upon rapid switching from
forward to reverse bias, a reverse current flows while the excess carriers stored in the
quasi-neutral regions are being swept out [38]. This removal process of the excess
minority carriers induces a switching delay time. Integration of the reverse-recovery

current yields the total charge associated with excess minority carriers stored in the diode
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prior to switching. Figure 2.13 shows the switching current of a high-injection recovery

involving minority carrier discharge.

Current

Y

Time

Figure 2.13  Reverse-recovery waveform involving minority-carrier discharge [33]

Krakauer [65] developed a measurement method to observe the response of the
diode to large-signal sinusoidal inputs. Figures 2.14 and 2.15 show SPICE [26]
simulation results of the response of a diode to sinusoidal excitation. Figure 2.14 shows
the response of a device with purely capacitive charge storage corresponding to a linear
reverse-recovery current. Figure 2.15 shows the response of a device in which some
minority carrier storage is present. As shown in this figure, the reverse-recovery current
due to excess minority carriers can easily be distinguished from the linear capacitive
current. Krakauer developed an expression for a figure of merit concerning the excess
minority carrier storage in the device, which is related to the exciting frequency, the
source voltage, the impedance involved in the test circuit and the ratio of Iy to I; as shown

in Figure 2.15.
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Figure 2.14  SPICE simulation results for the current through a diode excited by a

sinusoidal signal when minority carrier storage is not present [29].
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Figure 2.15  SPICE simulation results for the current through a diode excited by a

sinusoidal signal when minority carrier storage in diode is significant [29].
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2.6 Electrical properties of diamond

For years diamond has been known as a promising material for several types of
semiconductor devices. In the past decade, a renewed interest in electronic applications of
semiconducting diamond has stemmed from the development of the chemical vapor
deposition (CVD) processes for the growth of thin diamond film.

Diamond, when considered as a semiconductor material, possesses a unique
combination of desirable electrical and physical properties (see Table 2.1). Two distinct
advantages of diamond over other semiconductors are its high thermal conductivity and
high electric field breakdown. The higher the thermal conductivity, the more power a
device can dissipate for the same temperature rise. The wide energy gap of diamond (E, =
5.45eV at 300K) is responsible for the high breakdown field [20]. This combined with the
surface stability of diamond at high temperatures (500-600 °C in air) [40] makes it an
ideal candidate for high temperature device applications. In this respect, it is notable that
diamond also has higher carrier mobilities than other wide band gap semiconductors (i.e.
SiC, GaP, AlAs) at both room and higher temperature [20]. Other advantages of diamond
include a high saturation velocity, i.e. the velocity at which electrons move in a high
electric field, which is nearly 3 times of Si and GaAs,

The intrinsic material limits to electronic performance are usually compared in
term of figures of merit. Two commonly used figures of merit are Johnson’s figure of

merit and Keyes’s figure of merit. Johnson’s figure of merit (JFM) is defined as [40]

JPM = BV (2.15)
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where E. is the breakdown field and v is the charge carriers saturation velocity. The
JFM for diamond is roughly about 90 times higher than the corresponding value for Si.
Note that in some publications JFM is defined as (E.vy/21)’ so that a ratio of (JFM)giamond
to (JFM)s; of 8206 is often quoted. The JFM is useful for predicting the suitability of a
semiconductor for operating with large internal electric fields, such as in power devices
[41]. JFM comparisons for other semiconductors are listed in Table 2.1.

Keyes’s figure of merit (KFM) is used to estimate a material's potential for digital
or high-speed circuits. As defined by Keyes,

1/
)

KFM = x( v, ) (2.16)

dme,

Where A is the thermal conductivity, c is the velocity of light in vacuum, and ¢, is the
dielectric constant of the material. The ratio of (KFM)giamond to (KFM)s; comes out to be
32.2 [40]. Compared to other materials, as shown in Table 2.1, the KFM indicates that
diamond has the potential of being one of the best materials for digital or high-speed
devices.

Intrinsic diamond, that is, diamond in its pure form with no impurities, is
electrically insulating at room temperature. This is because the energy gap is sufficiently
large that hole and electron concentrations are negligible. Resistivities of highly pure
diamond have been measured in the 10'> Q-cm range and above. However, band
conduction can occur if impurities or defects act in such a way so as to introduce either

holes in the valence band or electrons in the conduction band.
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Natural | b 1 crystalli
Properties Si GaAs SiC | diamon yery
d ne diamond
Band gap, E; (eV) 1.11 1.43 23 5.45
Intrinsic resistivity, 2 5x10° | 4x10° 101 101
p (Q.cm)
Dielectric constant, €, 11.8 13.2 10.2 55 6.7 [42]
Electron mobility, u,
(cmZ/V.s) 1350 8500 1000 2200
Hole mobility, p,
(em/V ) 480 400 50 1600 |2.8-10[21]
Break down field, Eg
(105 Vicm) 3 60 40 100 1-10[43]
Saturated electron
velocity 1.0 2.0 (peak) | 2.5 27
(107 cmy/s)
Thermal conductivity, A
(wiomK) 1.45 0.5 5 20 4-21.8[44]
Thermal expansion
coefficient, 2.6 5.9 4.7 1.1
x (10°°/°c)
Lattice constant, a (A) 5.43 5.65 436 3.57
Density (g/cm’) 2.33 5.31 3.21 3.52
Sublimes ‘IAL_Im Lo
. . above graphite
Melting point (°c) 1420 1238 Above above
1800 1200
Johnson ’s figure of merit | | , 6.9 1137.8 | 8206.0
(ratio to silicon)
Keyes ’s figure of merit | | 0.5 5.8 32.2
(ratio to silicon)
Table 2.1 Comparison of semiconductor properties for Si, GaAs, SiC, natural

diamond and polycrystalline diamond [2][9][22][45][46]
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For example p-type diamond results if boron, from column-III of the periodic
table, is introduced as an impurity which substrates for carbon atoms in the diamond
lattice. Boron doped diamond is found in nature (although rarely). Boron can also be
introduced into natural or synthetic diamond by ion implantation [3] [17] [21] or can be
incorporated into diamond films by adding boron during the CVD process. The resistivity
of boron doped diamond can be on the order of 1 Q-cm or less.

Interestingly, many CVD diamond films are found to be p-type even without the
introduction of column-IIl impurities such as boron. The resistivity of such films is
substantially lower than insulating diamond, but not as low as diamond which has been
heavily doped with boron. The origin of this p-type behavior has been the subject of
speculation. One view is that it is associated with the role of hydrogen in the films. The
effects of atomic hydrogen in passivating inter-band states in various semiconductors,
such as amorphous silicon and polycrystalline silicon, have been well established. In case
of natural diamond crystals and CVD diamond films, Landstrass and Ravi [47] postulate
that the resistivity of hydrogenated diamond is governed by shallow acceptor levels,
whereas removal of the hydrogen activates deep donors, pinning the Fermi level and
giving rise to high resistivity.

In contrast to the situation for p-type diamond, creation of n-type diamond has
been extremely difficult. Column-V dopants are generally not effective as n-type dopants
in diamond because the donor levels that they introduce are far removed from the
conduction band edge. Although some researchers have reported the achievement of n-

type diamond, the quality of the doping is at best much less than for p-type diamond.
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Therefore, bipolar devices that require both n and p-type doping would be
difficult to achieve at this time entirely in diamond. Most device work has focused on
uni-polar or majority carrier devices including Schottky diodes or Field Effect Transistors
(FET's). This dissertation focuses on the former. A brief review of previous works on

diamond Schottky barrier diodes follows.

2.7 Diamond Schottky barrier diodes

Both ohmic and rectifying contacts are required in Schottky barrier diode
fabrication. The electrical properties of metal-to-diamond film contacts depend strongly
on the properties of the diamond film and surface treatment (such as heat treatment, and
chemical cleaning). For example, Grot et al. [48] have shown that surface preparation
plays an important role in determining the characteristics of metal contacts on diamond
surface. They reported that exposure of boron-doped diamond CVD film surface to a
hydrogen plasma resulted in ohmic I-V characteristics of the Au/diamond contacts
regardless of the doping level.

In many reports, silver paint or a damaged surface have been used for establishing
ohmic contacts on semiconducting diamond. In some cases, the contacts were annealed to
reduce contact resistance. Moazed et al.[45] [49] studied the formation of Ti, Ta, Mo,
and Mo/Ni contact on natural boron-doped diamond. A layer of 100-150 A of the metal
followed by a 1500 A layer of protective Au was employed. An ohmic contact was
obtained following an anneal at 885 °C for 8-16 minutes in a hydrogen ambient. Geis [2]

found that In forms ohmic contacts to diamond without high-temperature processing or
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ion implantation. However, the low melting temperature (156 °C) of In makes it
impractical for high-temperature devices. In the case of polycrystalline CVD diamond
deposited on silicon wafers, there are reports by Grot et.al [50], Gildenblat et al. [40] and
Huang and Reinhard [43] that the silicon wafer also acts as an ohmic back contact to the
polycrystalline CVD diamond.

For films with high doping [2] or high defect densities [43], contacts are basically
ohmic because any depletion layers at the contact are sufficiently thin to allow adequate
tunneling current. Geis [S1] observed that ohmic contacts can be obtained on heavily
boron-doped (10?! cm™) natural diamond with several metals. Similar results have also
been reported for polycrystalline diamond films. For films of higher purity, however, the
depletion layer is larger allowing the formation of electrical samples with rectifying
characteristics.

Rectifying contacts have been reported forming on naturally occurring
semiconducting diamond crystals [17], on synthetic boron doped crystal [19], on CVD
grown homoepitaxial films [40][48][52], and on CVD grown polycrystalline films
[40][50][53]. These contacts have been formed by using point contacts [95] or by
evaporation of films of various metals, e.g. Pt[17], Al [13][53][54], and Au [50][52],
provided the contact area is small (typically less than 1 mm?). The defective nature of
typical CVD diamond films is thought to lead to excessive leakage across Schottky
barriers when contact areas are significantly larger than this, giving rise to (poor) ohmic
characteristics [52][55].

Varying reports exist for diamond-metal barrier height values. Hicks [56] and

Gildenblat [20] have measured barrier heights of 1.13 eV for Al contacts on
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polycrystalline undoped diamond films using internal photoemission spectroscopy. Other
groups also reported a similar result on Au [20][50][57]. Trew [9], however, noted that
the height of the potential barrier is essentially independent of the metal due to surface
pinning and has value in the range of 1.3-1.7 eV. It should be pointed out that barrier
heights are difficult to determine from current-voltage (I-V) or capacitance-voltage (C-V)
measurement on undoped CVD diamond films since the contacts deviate widely from
ideal behavior as a result of high bulk resistivity [15][S8]. To reduce the high series
resistivity, Ebert et al. [59] successfully used a p'-doped diamond substrate for the
homoepitaxial growth of the p-doped active layer. The structure of metal/undoped
diamond/p-doped diamond has also been reported by Kang et.al [15].

Diamond Schottky barrier diode dc characteristics have been studied by several
researchers. These tests have demonstrated diamond Schottky diode to be capable of
operating under very high temperature up to 1000 °C [52][60][61]. A high breakdown
voltage of 400 V has been reported by Jeng and Tuan [13] for Al/polycrystalline CVD
films. Gildenblat et al. reported that the breakdown voltage exceeded 200 V at 300 K on
Au/CVD films. An example of dc I-V characteristic of an Au/ polycrystalline CVD
diamond is shown in Figure 2.16.

By using the thermionic emission / diffusion model, Hicks [56] and Jeng [13]
reported an ideality factor of 1.8 and 1.85 at room temperature for AI/CVD diamond
respectively. However, at an elevated temperature of 1000°C, Vescan et al. [61] reported
an ideality factor close to unity (n=1.01) on Au / CVD diamond film, clearly showing
thermal emission dominated the forward I-V characteristics. This has been confirmed by

the reduction of ideality factor from 1.8 to 1.1 while the temperature was elevated from
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100 to 500 °C reported by Ebert et al. [16] on Au / p-doped CVD diamond. Kang et al.
[15] also reported the reduction of ideality factor from 2.4 to 1.1 while the temperature

increased from 25 to 300 °c on Au/ undoped diamond/ p-doped diamond structures.

CURRENT, A
8

250 A
-100 0 100 200
VOLTAGE, V

Figure 2.16  Current-voltage characteristics of an Au/CVD

diamond Schottky diode [20]
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2.8 Time varying signal response of diamond Schottky barrier diodes

When a small-signal voltage is applied to an electrical sample such as a diamond
Schottky barrier diode, the resulting current is characterized by both an amplitude and by
a phase relative to the applied voltage. The results may be expressed mathematically by a
complex admittance (ratio of current to voltage) where the real part corresponds
effectively to a measured small-signal sample conductance and the imaginary part
corresponds effectively to a measured small-signal sample capacitance.

Small-signal capacitance versus voltage (C-V) methods have been used by several
groups to study the small-signal responses in semiconducting diamond [15][17][18][19]
[20][21][62][63]. Glover [19] did a thorough analysis of the reverse-biased C-V behavior
of Schottky diode form on natural, single-crystal type IIb diamond. He found an
anomalous frequency dependence of the capacitance versus voltage and derived a model,
which included both deep level traps and bulk resistivity effects, to explain the
phenomenon. He found that the results could be represented by a series circuit consisting

of two capacitors C; and Cy and two resistances Rr and Rg as shown in Figure 2.17.

—A—W—W—
G C¢ R Rp

Figure 2.17 Glover’s Schottky barrier diode model is represented by

combination of C;, Cy, Rrand Rg.
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Comparing this model to the simple model of Figure 2.6, Cp is now missing
because for Glover’s bulk samples, Cg is negligible. Also Rj is not included by Glover
because for his reverse biased samples it is very large. Thus Cg and R; are replaced by
open circuits in Glover’s model. The elements C; and Rg in Glover’s model are the
depletion layer capacitance and bulk diamond resistance as in Figure 2.6. In addition to
these, Glover added C; and Ry as additional elements. C; and Ry were included to model
hole emission from slowly responding deep levels.

From a theoretically analysis, Glover found that C; is proportional to © '?. He

expressed his measured capacitance, Cy,, as

_ G
1+(@R,C,)’
1 1 1

= +
C, C(V) C(o,T)

C.(V,0,T)=

(2.17)

R; =R, (@, T)+Ry(T)

The simulation result of his work is shown in Figure 2.18. According to his model
it could be seen that at low frequency, measurement capacitance C,, approaches C;.
However, at high frequency two cases could be distinguished depending on the value of
Rg. When Rg is small, the term oRtCr — 1, so that C, = Cy/2, therefore the
measurement Cp, falls off with frequencies as ® 2. When Rp is large, however, the

second term of Cp,, in Equation 2.17 dominates, so C, depends on frequency as @ ~.
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Figure 2.18  Model plot from Glover’s publication [19]

Kang et al. [15] applied Glover’s equations to their experiment on metal/undoped

diamond/p-doped polycrystalline diamond structures with a modified term in

1 1 1 1

=—+ +
C; C, C(V) Cio,T)

where C; was needed to account for the contribution of the capacitance by the undoped
diamond layer. No fitting comparison between model and experimental results have been

made but the o2

and © > fall off were confirmed by their experimental results. They
also concluded that the fall off in capacitance at high frequency was due to the high series
resistance of the diode.

Gildenblat et al. [18][20] obtained a very similar frequency dependence to that

obtained on single crystal diamond by Glover for their Schottky diodes fabricated using
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Au and Al contacts on thin CVD polycrystalline diamond films. A model for the
equivalent circuit was proposed by the authors (see Figure 2.19), very similar to that of
Glover, which agreed qualitatively with their experimental results. Because of the thin
film nature of their samples, it was necessary to add the component C,; due to the
contribution of geometric capacitance from the bulk part of the sample. Note that in
Gildenblat’s model, Co and Cg correspond to Cj and Cg in Figure 2.6.

C-V characteristics of Schottky diodes, fabricated using sputter-deposited Ag
contacts on boron doped polycrystalline diamond thin films grown by hot filament CVD,
were studied by Zhao et al. [64]. The results obtained for these diodes were very similar

to those of Schottky diodes fabricated using a single-crystal diamond substrate by Glover.
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Figure 2.19  Frequency dependence of the capacitance of Au/CVD

diamond contact for different reverse biases giving an equivalent circuit as in

the insert; Gildenblat [18]
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The frequency dependence in the C-V measurements of both type IIb naturally
boron-doped crystals and polycrystalline diamonds were investigated by von Windheim
et al. [21] using good ohmic back contacts, achieved by B ion implantation followed by
an Ag paste contact. The authors observed that the frequency dependence significantly
reduces after back contact implantation. From the analysis of their experimental results
they concluded that a poor back contact has a strong effect on high frequency
measurements and may be at least partially responsible for the frequency dependence
observed on diamond by Glover [19] as opposed to trapping effects. This view argues
against the use of Ry and Cyin a circuit model.

Differential C-V measurements as a function of frequency were also performed
on Al and Pt rectifying contacts on natural type IIb diamonds by Venkatesan et al. [17].
The sample preparation was very similar to that of Glover. However, in some samples,
the backsides of the diamond are exposed to B ion implantation. Again, the effects of
back contact capacitance and resistance, the size and shape of the Schottky contact, and
the bulk resistance of diamond on the frequency dependence of the measured capacitance
of rectifying contacts were reported. The authors observed a frequency-dependent
capacitance that decreased significantly after reducing the back contact impedance. A
circuit model without deep level traps was proposed by the authors to explain the
phenomenon as in Figure 2.20.

In the circuit of Figure 2.20, Cs is the specific capacitance of the Schottky barrier,
Rg is the series bulk resistance of the diamond. The effects of the ohmic contact were

represented as a parallel combination of C. and R.. However, the C.-R. combination was,
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according to authors, negligible and only Cs and Rg were used to model the sample with

reduced back contact impedance.
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Figure 2.20  Frequency dependence of the capacitance of Al/natural diamond
contact for different reverse biases giving an equivalent circuit as in the insert;

Venkatesan [17]

To summarize the small signal C-V studies on diamond Schottky barrier diodes,
some studies (e.g. Glover’s) indicate that traps play an important role in understanding
the experimental results, requiring the addition of Ry and Cy to the circuit model. Other
results (e.g. Venkatesan) indicate that such elements are not necessary and indicate that
the model of Figure 2.6 should apply. In this study the issue is explored further by
investigating the entire small signal admittance, not just capacitance, at both reverse and

forward bias.
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Finally, in terms of large signal ac response, the author is not aware of previous
studies. The results of this investigation on large signal (switching) responses of diamond

Schottky barrier diodes are described later in this dissertation.
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CHAPTER 3

Experimental Methods

3.1 Chapter overview

This chapter presents the details of how samples were grown, electrically
contacted and characterized. It starts by describing the substrate preparation prior to the
diamond film deposition. The microwave plasma-assisted chemical vapor deposition
system and process is briefly described and typical process parameters for the diamond
growth are given. The formation of ohmic and rectifying contacts on the samples is then
discussed followed by the probe system setup description. The last three section of this
chapter give details on equipments, measurement setup and processes for electrical dc
characteristics measurement, small signal response and large signal response of diamond

Schottky barrier diodes.
3.2 Substrate preparation for diamond growth
Diamond has been reported to be successfully grown on several substrates such as

diamond (homoepitaxy), Si, nickel and sapphire (polycrystalline) [40] [66] by other

researchers. Consequently, there are a number of candidate substrates for a study of this
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type. Ready availability, the ability to form a back ohmic contact with the diamond
polycrystalline film, and adequate mechanical support for the thin film diamond made
silicon (Si) a good choice of substrate for this study. Due to the low nucleation density on
non-diamond substrate (~10* cm?), the silicon substrate was treated to enhance
nucleation density. There are several techniques to enhance and control nucleation
density on Si wafers described in the literature such as diamond photo-resist coating [67],
abrasion seeding [68], ultrasonic agitation technique [69], and bias enhanced nucleation
[70]. However, only first two methods have been utilized to nucleate the Si substrate in
this study.

Before Si substrates were seeded for the diamond deposition, they were first
cleaned and weighed. The Si substrates were cleaned by rinsing the substrates with
acetone followed by methane and finally with de-ionized water. Each rinsing step took
approximately 2 —3 minutes to ensure the thoroughness. The substrates were then dried
with a nitrogen blowgun. The weight gain of the substrates after the deposition compared
to before the deposition was used to approximate the average thickness of the deposited
diamond films. The Si wafers were either 2-inch or 3-inch diameter and were p-type,

(100) orientation, and with resistivities in the range of 0.01 — 20 Q-cm

3.2.1 Nucleation by the diamond photo-resist

Diamond photo-resist seeding was developed at Michigan State University by

Masood et.al. [67] [71] as a method of patterning or selectively seeding desired areas of

the substrate with diamond powder. The process basically consists of the following steps:
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(1) diamond powder is mixed in the photo-resist solution, (2) the solution is spun on the
substrate using wafer spinner, and (3) the substrate is baked in an oven. If needed, the
photo-resist can be patterned by lithographic processing to selectively remove diamond
seed from the substrate afterward.

In this study, ultra virgin natural diamond 0-1/10 um powder from Amplex Corp.
was utilized with Shipley 1813 photo-resist and type-P Shipley photo-resist thinner in
order to seed a few of the earlier samples by the author and Khatami [72]. However, all

of the later samples were prepared by abrasion seeding described in next section.

3.2.2 Nucleation by diamond powder abrasion seeding

The general technique of abrasion seeding or “scratch-treatment” on Si substrates
to control nucleation density involves abrading the substrate with micron-sized diamond
particles and following a debris removal process. Sufficient nucleation density to produce
fine-grain continuous diamond films has been reported by H. Windischmann [68]. In
Windischmann’s process, a small amount of 1 um diamond powder was sprinkled on the
substrate. The substrate was then polished by hand with a laboratory paper tissue
(Kimwipe™). The excess diamond powder was rinsed away with methanol.

One possible reason why diamond nucleates on the diamond scratched surface is
that during the scratch-treatment, small amounts of diamond particles are left on the
surface. Work by S. Iijima etal [73] showed that tiny (less than several tens of
nanometers) clumps of sp> carbon may remain after the debris removal. However, it has

been demonstrated that diamond nucleation is also possible on substrate that are
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scratched with non-diamond powders [74]. Another study by P. A. Dennig [75]
concluded that diamond nucleation can be linked to the modification of the silicon
surface.

In this study, adequate nucleation density to yield continuous diamond films were
successfully obtained on Si substrates by scratching with ultra virgin natural diamond 0-
1/4 um powder from Amplex Corp. The scratching process was accomplished by the
author and Ulczynski [76] by rubbing the substrates, which are sprinkled with diamond
powder, with Kimwipe™ tissue. After approximately 2-3 minute of thoroughly rubbing
in a circular motion on the substrate surface, the remaining diamond powder was wiped
away and blown clean with a nitrogen gun. The seeded substrates were then rinsed with
acetone followed by methane and finally with de-ionized water. Each rinsing step took
approximately 2 -3 minutes to ensure thoroughness. Finally the rinsed substrates were
blown dry with a nitrogen blow gun.

As mentioned earlier, only a few earlier samples were seeded by the photo-resist
process, all later samples were fabricated using scratch-treatment since the scratch-
treatment is somewhat simpler for nucleating our un-patterned Si wafers. Another
advantage of scratch-treatment is that nucleation occurs from structures created on the
silicon substrate [74] [75] or from very small sp® fragments rather than from relatively
large diamond particles which could themselves be defective from the start. Scratch-
treatment nucleation can also avoid question of the contamination effects from
photoresist etch during diamond deposition. It was also noted that the scratched seeding

give finer-grain films than that of photo-resist seeding films.
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3.3 Diamond growth

All diamond films used in present research were prepared by the microwave
plasma-assisted chemical vapor deposition (MPACVD) process. Details of the
MPACVD process for the diamond deposition in the microwave cavity plasma reactor
(MCPR) have been described by Huang [46], Zhang [77], Kuo [78], Khatami [72], and
Ulczynski [76]. The MCPR acronym is commonly applied to a particular variation of
Asmussen [79] reactors. This research used samples grown by Khatami, by Ulczynski,
and by the author. The main features of the deposition system and process used by the
author are briefly described here.

Figure 3.1 shows the simplified schematic diagram of the deposition system
constructed by Ulczynski [76]. The body of the MCPR’s cavity is a brass cylinder with
water cooling on the base plate. The upper end of the cylinder is terminated by a movable
sliding short with the end-feed microwave-coupling probe. Microwave energy is
introduced into the system via this probe. The length of the probe inside the cavity is
adjustable. The length of cavity can also be varied by the sliding short. These features
make it possible to match the impedance of the cavity to the microwave power source. A
perforated stainless steel screen is affixed to the base plate in the bottom part of the cavity
to terminate the cavity and still allow gas to flow through.

The plasma is contained inside a quartz bell jar, which is vacuum sealed to the
base plate. The stainless steel sample holder is placed on top of two cylinder quartz tubes

with an insert stainless steel disk between the tubes.

48



microwave source

H2 — L‘_z‘ ——— quartz bell jar
s ||
CO, —flow S S — ] plasma
] controller L( JJ ' - e
CHy — — ] | — ~ sample

I |
—_— i |
pressure gauges ; | vacuum chamber

I

N2 :1’ )

T .| pressure
M vacumm — controller
pump
- exhaust
Ny — to air

Figure 3.1 The simplified schematic diagram of the microwave plasma—

assisted chemical vapor deposition (MPACVD)
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The mixture of H,, CH4 and optional CO; is uniformly distributed to the system
through a common gas inlet in the base plate. The flow rate of all gases is precisely
adjustable by a computerized mass flow controller. The sample can be accessed to be
loaded/unloaded from the large stainless steel vacuum chamber below the base plate and
the quartz bell jar. The pressure measurement within the vacuum system is performed
through a system of four vacuum gauges. Each gauge is set to measure pressure in
different range, ranging from mTorr vacuum to above an atmosphere.

The pressure level in the system is adjusted by a computerized throttle valve
controller which is connected to a mechanical pump. The pump is filled with Acatel 200
oil, which is safe for pumping hydrogen and methane gases. Due to the explosive nature
of H, and CHy,, nitrogen gas is mixed into the exhausted gases before releasing them to
the atmosphere. Nitrogen is also used to purge and backfill the vacuum chamber after the
deposition process.

It should be noted that a leak/outgas check was not performed for every
deposition run in this research. However at various times, the leak/outgas rate of the
entire system (approximately 70 liters in volume) was between 0.1 to 1 mTorr/min. To
find the effective flow rate of leak/outgas in the system, let us consider the following

flow unit conversion [80] [81]

sccm = 1 cm®/min at standard pressure 760 Torr and standard
temperature 300 K (STP)

scc/sec = 1 cm*/sec at STP

mTorr = 0.001 Torr = 1 uHg (or n) (very nearly)
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u liter/sec = liter/sec at a pressure of 1 p

Thus, 1 scc/sec 760 p liter/sec.
For a leak rate of 1 mTorr/min in a 70 liter chamber, the flow rate of leak in the

system becomes

) 70 li i
1 mTorr < 70 liter lu x 70 liter 117 uliter
min 60 sec sec
M liter
1.17 sec 3 scc 2
L liter = 154x10° — = 92x10" sccm
760 # 1t€ SE€C
sec

or roughly 0.1 sccm. Thus, leak rate 0.1 to 1 mTorr/min corresponds to effective leakage
of approximately 0.01 to 0.1 sccm. As a result a non-negligible amount of gases such as
N; and O; in the atmosphere are also incorporated into at least some of the samples used
in this research.

Throughout this research, the range and typical values of deposition parameters
used by the author were varied or fixed as in table 3.1 to explore variation in electronic
quality of the diamond films. In addition, some higher temperature samples grown by
other investigators were also used in this study. The thickness of diamond films used in

this research was from 0.3 pm to 8 um.
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Gas composition CH;H;=15-5%

CO7:H; = 4% (optional)

Gas flow rate H, = 200 sccm

CH; =3 -10 sccm

CO, =0, 8 sccm
Operation pressure 7 - 25 Torr
Microwave power 1000 W
Substrate temperature 470 - 520 °C
Table 3.1 Typical deposition parameters used in the diamond

film deposition process.

3.4 Diamond film characterization with Raman Spectroscopy

Raman Spectroscopy has been widely used to characterize diamond quality. A
sharp narrow peak at 1332 cm™ is characteristic of diamond and often interpreted as an
indication of high quality diamond film. Graphitic carbon produces a broad band Raman
signal centered around 1580 cm™. However, it should be noted that the ratio of intensities
of the diamond peak to the graphitic carbon centered is not proportional to the ratio of the
diamond to non-diamond components in the films. This is because the Raman scattering
efficiency is typically 50 times greater for sp? bond (graphitic carbon) than sp’

(diamond).
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The Raman analysis system in this study most often used an Argon laser with a
wavelength of 514 nm. The configuration and operation of this Raman system is well
documented by J. Mossbrucker [82]. In some samples, the Raman spectroscopies were
also obtained using a Kaiser Optical System Inc. Raman system. This second system uses
the 532 nm doubled Nd:YAG laser. The Raman spectrum of a polycrystalline film is
shown in Figure 3.2. The spectrum shows a distinct peak around 1332 cm™, which is the
signature of crystalline diamond. The broad characteristic arch between 1350 and 1580
cm™ of graphitic carbon is almost absent from the spectrum. This indicated a good

quality diamond thin film on the Si substrate.
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Figure 3.2 Raman spectrum of a polycrystalline diamond film on Si

substrate, BC4 observed by 532 nm Nd:YAG laser.
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3.5 Metalization

Metalization on diamond surfaces has been studied by many researchers due to its
importance in electrical characterization of diamond films. As mentioned in chapter 2,
two general categories of metals have been used by researchers in this area, namely
carbide and non-carbide forming metals. Carbide forming metals such as Ti, Ta and Mo
were shown to give ohmic contacts while non-carbide forming metals tend to give
rectifying contacts on diamond surface.

Schottky barrier diodes require one ohmic contact and one rectifying contact. In
this research, Schottky diodes are generally fabricated in a sandwich structure with the

diamond film between a back ohmic contact and a top rectifying contact (see Figure 3.3).

Al electrode
Ti/Au electrode
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r CVD diamond

silicon wafer

2 J
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Figure 3.3 Drawing show cross-section view of one example of a

diamond Schottky diode structure
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The silicon wafer acts as an ohmic back contact [83] [50] as well as giving the
mechanical support to the diamond thin films. After diamond deposition was performed
on the Si wafers surfaces, aluminum was thermally evaporated onto the whole bottom
side of the substrates as a conduction path. This allowed electrical measurements to be
made in the direction perpendicular to the diamond surface.

The top rectifying contacts were formed by thermally evaporated aluminum [13]
[17] [18] [20] [50] [52] [84] electrodes (1200 - 1800 A thick) on the diamond film
surface through a shadow mask. The rectifying contact area evaporated on diamond
surfaces were between 4x10™ to 2x10™ cm?.

Alternatively, in some samples, 100 - 200 A of titanium followed by 1200 - 1600
A of gold as a protective layer are deposited through a shadow mask forming the ohmic
contacts [45] [49] [52] [58] on the top diamond surface with contact areas of 4x10™ -
5x102 cm® All evaporation in current study was done under 10 torr vacuum. The metal
deposition rates on the sample were controlled to be 12 - 18 A/sec for Al and Au and 5 -
8 A/sec for Ti. The samples were hold in the water-cooled substrate holder to prevent
sample heating during the evaporation.

Although research suggests that annealing processes can improve the quality of
diamond as observed by Raman spectroscopy [40] [85], there was no annealing
performed before or after the metalization process in this study in fear of increasing the
resistivity of diamond films. Landstrass [47], Vandersande [11] and Sugino et.al. [85]
[86] showed that annealing process could cause a several order increase in resistivity of
polycrystalline diamond film. The study of McKeag et.al. [SS] also showed a reduction in

rectification ratio on diamond Schottky barrier diode after 400 °C heat treatment in air.
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3.6 Probe station setup

All of the electrical measurements on diamond Schottky barrier diodes in this
study were performed on a Signatone S-1160 station. The S-1160 is a general-purpose
analytical probe station designed for probing various geometries down to 1 um in size.
To protect the measurements from any photo-conductive noise signal, the probe station
was shielded within a Signatone light-tight box model PSDB-1160. Eight feed through
BNC connectors were attached on the side of the light-tight box to provide high
frequency electrical access from the test equipment outside.

In order to test devices under different temperature, the probe station was
equipped with a Signatone QuieTemp temperature-controlled chuck model S-1060 and a
NESLAB re-circulating chiller model CTF-33. A measurement temperature from 10 to
350 °C can be achieved with this setup. Under the normal measurement process, a
circular quartz disk, 3 mm thick, was placed on the top surface of the temperature-
controlled chuck. This allowed heat transfer between chuck and samples placed atop,
while the samples were isolated from the electrical circuit and noise of the chuck below.

Special high-speed microprobes, GGB model 10, were used with this probe
station to conduct measurements up to approximately 1 MHz. The limitation range of

operation for these microprobes is dc to 3.5GHz.
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3.7 DC characteristics measurement setup

A Hewlett Packard model 4145B semiconductor parameter analyzer was used to
measure the dc current-voltage characteristic of the diamond Schottky diodes. It is
equipped with four programmable Source/Monitor units (SMU's). Each SMU can be set
up to function as a voltage source/monitor, current source/monitor, or source common. A
simplified circuit diagram of a SMU is illustrated in the Figure 3.5. By setting one SMU
as a variable voltage source and another SMU as a common current source; the dc
current-voltage characteristic of the diodes can be obtained by two-point probe
measurement. The HP4145B can monitor current resolution as low as 0.05 pA with the
maximum range of £105 mA.

In this study, all dc measurements are conducted in the light-tight box. Figure 3.6
shows a schematic diagram of the measurement setup. SMU3 is used as a variable

voltage source, and SMUT1 is used as a common current return path.
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Figure 3.5 A simplified circuit diagram of a SMU unit of HP4145B
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Figure3.6  Sch ic diagram of dc setup
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3.8 Small signal response measurement setup

The ac small signal responses of the Schottky barrier are measured by a HP4192A
LF impedance analyzer and a HP4284A precision LCR meter; both controlled by a
computer. Again all measurements are conducted in the light-tight box. Figure 3.7 shows
the schematic diagram of the measurement setup.

The Hewlett Packard model 4192A LF impedance analyzer was primarily used
earlier in this research to measure the small-signal response in terms of capacitance, C
and the resistance, R of diamond Schottky diodes at various frequencies and bias
voltages. The internal frequency synthesizer of HP4192A provides a sinusoidal wave test
signal that can be set to a measuring frequency which may range from 5 Hz to 13 MHz
with 1 mHz maximum resolution. The sine wave amplitude level can be varied from $
mV to 1.1 Vs with 1 mV resolution. The internal dc bias voltage source could provide
up to £35 Vin 10 mV increments.

The HP4192A provides measurement in two equivalent circuit models, the
parallel or the series modes. The instrument has four terminals, two current terminals:
Hcur, and Lcur, and two potential terminals: Hpor, and Lpor The test signal is output
from the Hcyr terminal as shown in the Figure 3.8. The purpose of the current terminals
is to cause a measurement signal to flow through the sample, and the potential terminals

are used to detect the voltage drop across the sample.
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Figure 3.7 Schematic diagram of the small signal measurement setup
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In this research, to compose a measurement circuit loop in a four-terminal pair
configuration, the Hcur and Hpor , Lror and Lcur terminals were connected together
respectively and, in addition, the shields of all conductors were also connected together
as shown in Figure 3.8. This four-terminal method provided the shielding required for
high-impedance, high-frequency measurements. Since the same current flow through
both the center conductors and the outer shield conductors (in opposite directions, hence
canceling each other), no external magnetic fields are generated around the conductors.

As mention above, the HP 4192A LF impedance analyzer was used earlier in this
research. Later measurement were performed by the HP4284A precision LCR meter due
to convenience of use and simpler computer controlled capability. However, in selected

measurements HP4192A were also used to verify and cross-check the experimental data.
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Figure 3.8 A simplified circuit model of four-terminal pair

configuration of HP4192A
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The Hewlett Packard model 4284 A performs similar to the HP4192A. It measures
the capacitance, C and the resistance, R of diamond Schottky diodes over a wide range of
frequencies (20 Hz to 1 MHz) and test signal level (5 mV to 20 Vg, 50 pA to 100
mAms). The HP4284A offers C-R measurement with a basic accuracy of +0.05% at all
test frequencies. The measurement ranges of C and R for this instrument are 0.01fF to
999999 F and 0.01 mQ to 99.99MQ respectively. Similar to the HP4192A LF
Impedance Analyzer, the HP4284A offers two measurement modes, the parallel and
series equivalent circuit models. Also, this instrument employs the four-terminal pair

configuration : the Hc , Hp, Lp and L¢ as shown in Figure 3.9.
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Figure 3.9 A simplified circuit model of four-terminal pair

configuration of HP4284A
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In this research, the instrument test frequency was increased systematically from
100 Hz to 1 MHz in each test. The center dc bias was also varied within —-10 Vto+ 10 V,
while the oscillation level was fixed at 0.1 mV. The values of resistance and capacitance
of the Schottky diodes under test were measured and stored into data files. Both
instruments operate so as to measure the resistance and capacitance versus frequency in

both parallel (Cp, Rp) and series (Cs, Rs) equivalent circuit models.

3.9 Large signal response measurement setup

To study the diode responses to a large switching signal, a Hewlett-Packard
model 8116A programmable pulse/function generator was used to generate 20 V peak-to-
peak input sine waves for the test. The input signals passed through a coaxial microprobe
to the test wafer. The responses of diamond Schottky diodes were then probed by the
HP54200D and/or Tek11401 oscilloscopes in parallel with load resistance. The schematic
diagram of the measurement setup is shown in Figure 3.10.

The specification of The Tektronix model 11401 is the following. Its main unit
has a vertical accuracy of 1.0% of the volts/division setting and a time-base accuracy of
0.01% of the time/division setting. Combined with the 11A32 plug-in unit, this system
provides 200 MHz bandwidth with a risetime of 1.8 ns. The 0.9% amplitude accuracy as
well as 100 ps + 0.002% horizontal time-base accuracy can be achieved at all test ranges
(ImV to 10V full-scale, 20 ns to 1000 s full-interval). However, since the 11A32 plug-in
unit only has input channels with 50 Q impedance (shunted by approximately 15 pF), it is

difficult to probe weak output signal from the high resistance diamond diodes.
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Therefore, the Hewlett-Packard model 54200D digitizing oscilloscope was also
used to investigate the large-signal switching response. This oscilloscope has two input
channels with input impedance of 1 MQ £2%, shunted by approximately 14 pF. This
much higher impedance makes it easier to detect signal from the high resistance samples.
The instrument is a dedicated, multi-channel, simultaneous, waveform acquiring digital
storage oscilloscope with full GPIB programmability. It has digital storage bandwidth of
50 MHz (200 megasamples/second sampling rate) with +2% full-scale gain accuracy.
The horizontal time-base measurement accuracy of the instrument is +2 ns.

Note that a load resistance is introduced into the measurement setup to adjust the
input impedance of the oscilloscope to the suitable value. It has been found that the 1 MQ
(shunted 14 pF) input impedance of the HP 54200D gave too large an RC time constant
to detect the weak signal from the diamond Schottky barrier diode without distortion. The
load resistance used in this research was varied between 10 KQ to 50 KQ. The effects of

load resistance will be further described in detail in chapter 6.
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CHAPTER 4

DC characteristics of diamond Schottky barrier diodes

4.1 Chapter overview

During the course of this research, Schottky diodes were formed on over 30
different diamond substrates that were deposited under a variety of CVD conditions. On
each substrate, approximately 34 diodes were formed. At least 10 diodes on each
substrate were electrically tested to some extent. On selected diodes, extensive
measurements were made. This chapter describes the results of dc measurement on these
diodes.

This chapter begins with the general current-voltage (I-V) characteristics
observed for contacts formed with two different type of metals; Ti/Au and Al contacts.
Next, the diode parameters, which are ideality factor n, saturation current Ip, and bulk
resistance Rp, are extracted from the dc characteristics at room temperature. The dc
characteristics obtained at different temperatures are then used to yield two additional
parameters; barrier height ¢p, and activation energy Ex. The following sections explore
the roles of methane concentration in the CVD growth process, and the effects of diode
area and film thickness on the dc characteristics of diamond Schottky diodes. Finally, the

experimental I-V characteristics are compared with computer simulation (SPICE) results.
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4.2 General Characteristics

As described in detail in chapter 3, the dc device current-voltage (I-V)
characteristics are obtained by using the HP4145B semiconductor parameter analyzer.
All measurements are conducted in a light-tight box. Typical I-V characteristics of the
Ti/Au-diamond film-Si-Al and Al-diamond film-Si-Al structures at room temperature are
shown in Figure 4.1 and Figure 4.2 respectively.

For low voltages less than 8 V, the I-V characteristics of Ti/Au are nearly linear
and symmetric, as shown in Figure 4.1, as would be expected for top and bottom ohmic
contacts. This shows that both the Si substrate and the Ti/Au metalization provide ohmic
contacts to the diamond. For a film thickness of 0.91 pm (based on weight gain), 8 V
corresponds to an electric field of 8.8x10* v/cm. This indicates that for electric fields
below about 10° V/cm, the sample exhibited predominantly ohmic behavior with a
resistivity that is independent of the applied voltage. Taking a film thickness of 0.91 um
and a contact area of 4.91x10™ cm? into account, the resistivity of the diamond sample is
then determined to be 72x10° Q — cm.

On the other hand, for the Al-diamond structures, the results show a rectifying
characteristic, indicating that the rectifying property is a result of the Al-diamond
interface. This is consistent with earlier work which attributed the rectifying property to
the band bending at the top contact-diamond interface [18] [46].

When two coplanar Ti/Au contacts are used to contact the diamond film, almost
identical I-V characteristics are obtained regardless of the distances between the Ti/Au
contacts as shown in Figure 4.3. This indicates that the current passes via the first Ti/Au-

diamond ohmic contact through the diamond film to the silicon ohmic contact, through
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the silicon and back up through the diamond film to the second Ti/Au ohmic contact. The
resistance of the doped silicon path is negligible compared to that of diamond path. The
current is, as expected, approximately half that of figure 4.1 because the path length
through diamond is twice as long. This also indicates a lack of appreciable surface
conduction between contacts to the diamond film.

Figure 4.4 shows the I-V characteristic between two coplanar contacts with one
contact being the evaporated Al circle and the other being the Au circle. In this case,
Schottky barrier diode characteristics with less forward current than the one in Figure 4.2
are observed because of the longer (essentially double) path length through the diamond
film.

However, it should also be noted here that not all Al or Ti/Au contacts on the
sample give exactly the same I-V data (comparing the same type of metal), despite the
fact that all contacts for a given sample are fabricated under identical processing
conditions. This is probably due to variation in film thickness, and in some cases,

variation in the diamond quality across the wafer.
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Figure 4.1.  The I-V characteristic of the Ti/Au-diamond film-Si-Al samples show

ohmic behavior. The above results are at room temperature.
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Figure4.2.  The I-V characteristics of Al-diamond film-Si-Al samples show

Schottky barrier diode behavior. The above results are at room temperature.
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The I-V characteristics of samples with coplanar Ti/Au surface contacts

show ohmic behavior. Curve (a) corresponds to 1.5 mm between two contacts and (b)

4.5 mm between the Ti/Au contacts.
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Figure 44.  The Schottky barrier diode characteristics of a diode with coplanar

surface contacts. One contact is Al and the other is Ti/Au contact.
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The rectification ratio of the diode samples fabricated in this study at £10 volt, 27
°C is found to be between 10° to 1.8x10°. This range of values is comparable to the best
results previous reported [13] [83] [84], although recently Al/diamond Schottky diodes
with rectification ratios greater than 10° have been reported [16] [87].

The current-voltage results of each diode can be analyzed by considering the
device current as a function of both the voltage across the depletion-layer region, and the
voltage across the bulk region. From the diode equation (Equation 2.1) in forward bias

I = Ipexp(qVymkT) 4.1
Here Vj is the junction voltage across the depletion-layer region (junction region), n is
the diode ideality factor, T is temperature, k is Boltzmann’s constant, and Ip is the
saturation current [22] [27]. For a given forward current, I, the junction voltage is
therefore found to be

Vj = (nkT/q) In (I/1o) (4.2)
And the bulk voltage Vp is subsequently found from

Vg = V-V;
where V is the applied voltage. In Equation 2.3, Vg is expressed as IRg. The value of Ip
and n can be determined from the linear portion of a plot of log I versus applied voltage
as shown in Figure 4.5 for a particular representative Al-diamond film-Si-Al sample
BC4. At 27 °C, the ideality factor n and the saturation current Iy of sample BC4 are
found to be 2.43 and 1.82 pA respectively. n values in a range from 2.4 to 4.6 were
obtained for all other diamond diode samples in this study. The literature has reported a
wide range of n values for diamond Schottky barrier diodes [13][15][16][56][88]. The

resistivity of the bulk diamond, obtained from the plot between bulk voltage Vg and
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current I of sample BC4, as shown Figure 4.6, is approximately 1.13 MQ. Note that the
value of Rg in Figure 4.6 is obtained at high bias voltage, at which the current should
only be limited by the bulk resistance. Rg values in a range from 1.1x10° to 5x10"° Q-cm
were obtained for all other diamond diodes in this study. This range of values is also
comparable to the values in as-grown diamond reported by several others [47] [50] [85]
[86] [89] [90] [91] [93] but substantially less than values of 10'° to 10" reported by

Vandersande and Zoltan [11].

10° =
T 107 =Vl exp(1(0.026™)), —————
< T l=182e012,
= n=2.43
107° =
107"
0 2 4 6 8 10
V, (Volt)

Figure 4.5 Semi-log plot of forward I-V characteristic of sample BC4. The solid
line represent the least square fit of the linear portion of log (I) versus the applied

voltage (V). The value 1o=1.82e-012 and n=2.43 result from the curve fit.
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Figure 4.6 A plot of forward current versus bulk voltage of sample BC4. The
solid line represents the linear least square fit at high bias portion of the bulk

voltage (V). The value Rz ~1.13 MQ results from the inverse value of the slope.

According to Equation 2.4, the barrier height of the Schottky diode can be
determined if the value of effective Richardson’s constant is known. Actually if we

account only for thermionic emission, for a p-type Schottky diode

A**= 120 m*lh +m*hh
m
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where m, is the free electron mass and m*; and m*,, are the effective masses for light
and heavy holes, respectively. To the extent that diffusion effects in the space charge
layer are important, the A** theoretical values is further modified to account for an
effective diffusion velocity.

However, since ¢p is not very sensitive to the choice of A** (see section 2.3), one
can, as a first approximation, assume the theoretical value of A** based on thermionic
emission theory with an effective mass of unity, that is 120 A cm? K2 [15] [23]. The
barrier height on BC4, using Equation 2.4, is then calculated to be 0.926 eV. The barrier
height of all the samples in this research, assuming the ideal value of A**, are calculated
to be between about 0.72 to 1.08 eV. Reported values in the literature for barrier height
range from approximately 0.85 to 2 eV. As a point of reference, if surface states were
negligible and the diamond electron affinity were zero, then the theoretical barrier height
would be about 1.4 eV. However, surface states in diamond are reported to play an

important role.

4.3 Temperature dependence of device parameters

The experimental current-voltage characteristics of BC4 were obtained at five
temperatures for the Al-diamond film-Si-Al structure. These temperature dependent I-V
characteristics of BC4 are shown in Figure 4.7. Table 4.1 contains the extrapolated
saturation current axis intercept o, ideality factor n, and bulk resistance Rp obtained

from each I-V curve (each temperature) in Figure 4.7.
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Figure 4.7 Forward [-V characteristics of BC4 in the temperature
range from 27 °C to 127 °C.
Temperature (°C) Io (A) n Re (Q2)
27 1.80x 1072 2.43 1.13 x 10°
52 2.58x 10" 2.16 624 x 10°
77 6.16x 10" 2.20 356 x 10°
102 8.14x 10° 2.16 218 x 10°
127 1.48x 10 2.06 168 x 10°
Table 4.1 Experimentally determined saturation current, Ip, and ideality factor,

1 and bulk resistance Rg of BC4 at different temperature.
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As can be seen in Table 4.1, the reduction of ideality factor at increased
temperature reported by Ebert [16] and Kang [15] is also observed in the course of this
study. As established earlier, the potential barrier height based on the theoretical A**
calculation of BC4 is 0.926 eV. As described in chapter 2, the barrier height can also be

determined from a Richardson plot of In(Io/T?) versus (1/7T). According to Equation 2.5

ln(l—’;) =1In(A4,4**)- %(lj
T° k \T

The slope of the plot yields the value of barrier height and the intercept on the axis gives
the value of the effective Richardson’s constant. Figure 4.8 shows the Richardson plot for

sample BC4.
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Figure 4.8 Richardson plot of BC4 over the temperature range of 27 °C to 127 °C.
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The barrier height determined from the slope of best-fitted straight line is 0.923
eV. This value is close to the estimate of 0.926 eV established earlier. Given the diode
area of 4.91x10™ cm?, the extrapolated interception of the plot on the vertical axis yields
an A** value of 92. In comparison, H.Kiyota et.al. [28] observed an A** value of 84 for
a diamond Schottky barrier diode which corresponds to a combined effective hole mass
value of 0.7. It is interesting that, based on cyclotron resonance experiments [93], m*, =
0.7 my and m*,, =2.1 my which would predict a larger value of A** than obtained either
in this research or by Kiyota.

As described in section 2.3, a plot of In(Rp) versus (1/T)should be linear and the
slope would correspond to the activation energy (Ea) of the semiconductor. Such a plot
for sample BC4 is shown in Figure 4.9. The activation energy of sample BC4 obtained
from the slope of plot in Figure 4.9 is approximately 0.21 eV (above the valence band)
which implies the presence of acceptor-like impurities or defects. E5 values between 0.17
to 0.24 were also obtained in other samples in this research.

For boron doped CVD diamond, the activation energy has been reported to be a
strong function of the deposition conditions and the doping levels, varying between 0.013
eV, in the case of extremely heavy doping (boron concentration about 10*° cm™), to 0.41
eV for very lightly doped films [15] [18] [20] [92] [94] [95] [96]. The reported Ea for
undoped polycrystalline diamond can range from 0.2 to 1 eV or higher depending on
deposition conditions [21] [90] [96] [97]. Although the diamond films in this research
were not intentionally doped, the activation energy Ea of the tested samples are at the

lower end of the undoped diamond range and were in the range of doped CVD diamond.
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Figure 4.9 Plot of In(Rp) versus 1/T for sample BC4 over the temperature

range of 27 °C to 127 °C.
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4.4 Influence of deposition chemistry on diode characteristic

Although a number of studies have been carried out to investigate the correlation
between deposition parameters and morphology/quality/growth-rate of CVD diamond
film [72] [78] [98], the effects of deposition parameters, such as CH,; concentration, on
diamond Schottky diode I-V characteristics have not been studied to the knowledge of
the author.

For the reason that will become clear later in chapter 5, the bulk resistance of the
diamond diode is preferred to be as small as possible in this research. There appear to be
few reports on CH4 concentration effect on CVD diamond resistivity. It was shown by
A.T. Collins [99] that the concentration of defects increases as the concentration of
methane (CHy) increases, therefore, increasing CH4 concentration in the CVD process
should reduce film resistivity. However, film grown with CH4 concentration higher than
5% is usually lower quality diamond based on Raman analysis [72] [78], or cauliflower-
like. Such material does not produce good Schottky barriers. This research studied the
role of CH,4 concentration for undoped diamond Schottky barrier diode fabrication.

For this purpose, 10 diamond films grown on silicon substrates were studied. The
10 diamond films were organized into three sets. Each set included films grown at the
same H, flow rate, pressure, microwave input power and substrate temperature. The
CH4/H; concentration in each set was varied between 1.5 to 5 %. Tables 4.2 through 4.4
show the deposition parameters and some other key properties of the samples. All films
were prepared for measurement in a similar way as describe earlier in chapter 3. Al is
used to form the top surface contacts (contact area = 4.91x10™ cm?). Al is also thermally

evaporated on to the whole backside of the sample, the silicon wafer side, to form the
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ohmic contact. The I-V measurements were performed on random Al contacts of each

sample in the direction perpendicular to the surface of the film.

Sample Seeding H; CO, CH,4 Substrate Film
Method flow rate | flowrate | Flow rate temp thickness

(sccm) (sccm) (sccm) °C) (um)

BC17 Scratched 200 0 3 518 1.432

BC15 Scratched 200 0 5 514 1.501

BC14 Scratched 200 0 8 514 1.446

BCI13 Scratched 200 0 10 518 1.474

Table 4.2 Deposition parameters and other properties of diamond Schottky

barrier diodes in set A.

Sample Seeding H, CO, CH,4 Substrate Film
Method flow rate | flowrate | flow rate temp thickness

(sccm) (sccm) (sccm) &) (um)

S83 Photoresist 200 0 5 471 2.372

S84 Photoresist 200 0 8 470 2.498

S78 Photoresist 200 0 10 473 2.428

Table 4.3 Deposition parameters and other properties of diamond Schottky

barrier diodes in set B.
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Sample Seeding H2 CO, CH4 Substrate Film
method flowrate | flowrate | flow rate temp thickness

(sccm) (sccm) (sccm) (°C) (um)

S89 scratched 200 8 3 476 0.814

S92 scratched 200 8 5 470 0912

S100 scratched 200 8 8 470 1.180

Table 4.4 Deposition parameters and other properties of diamond Schottky

barrier diodes in set C.

In contrast to the Fujimori [42] result on B-doped film, which reported poor diode
characteristics in low CH, films and good diode characteristics in high CHy films, it is
found in this study that all measured contacts on each as-grown undoped film of every
sample sets showed fairly good Schottky diode characteristics. For instant, Figure 4.10
shows I-V characteristics of one contact from each sample; BC17, BC15, BC14, and
BC13 in set A. The bulk resistances of the diodes were extracted from the I-V data of
each contact as describe in section 4.2. Figure 4.11 shows the graph of the bulk resistivity
of the diodes in set A for the CH4 flow rates ranging between 3 sccm and 10 scem (1.5 -
5% CH4/H, concentrations) while the H, flow rate, the gas pressure and the substrate
temperature were held constant. The graph shows that for CH, flow rates below 2.5% the
measured bulk resistivity of diamond Schottky diodes appear to decrease as the CHs4

concentration increase as one might expect. However, for percentages of CHy4 higher than
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2.5%, the bulk resistivity of diamond Schottky diodes seems to increase as the CHy
concentration increase. This phenomenon of increasing values of resistivity was
unanticipated since higher CH4 concentration was expected to give a higher graphitic
concentration and lower film resistivity. An alternate hypothesis is that increasing CHy
gave more defects and more scattering, increasing resistivity.

Similar result of decreasing then increasing values of resistivity are also observed
in sample set B and C as shown in Figure 4.12. However the differences in bulk
resistivity of sample set B are less than in sample set A. It should be note that higher
resistivity of CVD diamond film grown with higher CH4 concentration (6%) than that of
film grown with lower CH4 concentration (0.5%) was also observed by Fujimori [42].
However, it is an opinion of the author of this research that the different in resistivity of
Fujimori’ s films may result from the much different morphology of his diamond films.
In Fujimori’s experiment, film grown with higher CH,s concentration has flat smoother
surface while sample grown with lower CH, concentration exhibited rougher surface and
bigger grain size. Interestingly, contrary to one’s expectations, Fujimori’s film with
smoother surface demonstrates higher film resistance than a film with a rough surface.

In this regard, the SEM (Scanning Electron Microscopy) photos of the films in set
B from M. Ulczynski [76] are shown in Figure 4.13. Although, there appears to be
somewhat more twinning in the film grown with higher CH4 concentration, the photos
generally show that all films consist of polycrystalline diamond with very similar
morphology. Also there is not much different in resistivity of the films in this set. It
appeared that the different diode bulk resistivity in this sample set B should not result

from the different film morphology.
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Figure 4.10  The plot shows absolute value of current versus bias voltage on
sample BC17 (1.5%-CH4), BC15 (1.5%-CH4), BC14 (1.5%-CH4), and BC13
(1.5%-CH,). A significant noise level showed under reverse bias is possibly due to

equipment limit of HP4145B.
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Figure 4.11  Effect of CH, concentration in growth process to the bulk resistivity

of diodes in sample set A. (see Table 4.2)
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Figure 4.12  Effect of CH4 concentration in growth process to the bulk resistivity

of diodes in sample set B. (see Table 4.3)
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S83

S84

S78

Figure 4.13  SEM photos of diamond sample S83, S84, and S78. Copyright

by Ulzcynski [76], used with permission.
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In sample set C, CO, was added during the CVD process. The flow rate of CO,,
as the O, source, in sample set C was maintained at 8 sccm. Again, as shown in Figure
4.14, the bulk resistivity of diodes decreases as the CH, concentration increase from 1.5%
to 2.5% then increases as the CHy4 concentration increase from 2.5 to 4%. When the SEM
photos of samples in set C, as in Figure 4.14(b), are examined, it shows that, under the
present of CO,, film grown with higher CH4 concentration give much smaller grain than
film grown with lower CH4 concentration. In contrast with one might expect, the
resistivity of film with smallest grain and smoothest surface, S100, is highest among the 3
films in sample set C. This observation is in agreement with Fujimori’s result mentioned
earlier. It is still inconclusive whether the different diode bulk resistivity in this sample
set C result from the difference in film morphology.

H. Lux [100] reported that without O, in the growth process, volume resistivity of
CVD diamond films grown with 1.25 % CH,4 is approximately an order of magnitude
lower than that of films grown with 0.63 % CH,. However, with O, addition in the
growth process (0.25-0.63%), he found an increasing in volume resistivity of CVD
diamond film with increasing CH, concentration (1.25-3.13%). According to Lux, adding
O; to the reactive gas is a key to yields high volume resistivity of the CVD diamond.

In summary, undoped films grown with CH, concentration between 1.5 to 5%
yielded fairly good Schottky diode characteristics. However, increased CH, concentration
in the film growth process does not necessarliy reduce the bulk resistivity of diamond
diode as one might expect, in fact, CH4 concentration higher than 2.5 — 4% in the growth
process increased the bulk resistivity of the diode. The reason for this is not yet

understood.
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Figure 4.14  Effect of CH, concentration in growth process to the bulk resistivity

of diodes in sample set B. (see Table 4.4)
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Figure 4.15  SEM photos of diamond sample S89, S92, and S100. Copyright

by Ulzcynski [76], used with permission.
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4.5 Effects of contact area and film thickness on I-V characteristic

From the fact that the bulk resistance of the semiconductor material can be
reduced simply by making the metal contact area larger or by making the diamond film
thinner, the effects of contact area and film thickness on diamond film were also studied.
Diamond Schottky diode samples were prepared on silicon wafers as described in chapter
3. Aluminum was thermally evaporated to cover the whole backside of silicon wafer
forming the ohmic contact. Aluminum was also used to form the top diamond surface
contacts with different contact areas on the same sample.

Figure 4.16 shows the I-V characteristics of sample SK7 with top surface contact
areas of 4.91x10™ ecm?, 4.45x102 cm?, and 7.91x10” cm™ denoted as SK7-Y, SK7-C,
and SK7-D respectively. As can be seen in Figure 4.16, the forward bias current of the
diodes improves as the Al contact area become larger. However, the reverse leakage
current also becomes much more significant with larger contact area. In fact, the reverse
leakage current rises at a higher proportion to the diode area than forward current. This
substantially reduces the rectification ratio of large area diode. For SK7-Y, the
rectification ratio at 10 V is approximately 5%10%, which is reduced to approximately 292
in SK7-C, and finally to only about 18 in SK7-D.

Similar results were obtained with other diamond Schottky diodes. Therefore, the
smaller contact area of 4.91x10™ cm™ was utilized regularly on all other measurements to
ensure good rectifying characteristics. McKeag [55] suggests that metal contact areas of

less than ~1x102 cm™ are typically required to provide good rectifying characteristics.
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Figure 4.16

I-V characteristics of sample SK7 with top surface contact area of

4.91x10™* cm?, 4.45x10% cm?, 7.91x10% cm? labeled on the plot as SK7-Y, SK7-C,
and SK7-D respectively.
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The defective nature of as-grown CVD diamond films is thought to lead to excessive
leakage across the barrier when significantly larger than this, giving rise to poor reverse
current characteristics.

The question of film thickness is linked to the space charge layer thickness. As
described previously in chapter 2, a region of space charge (or depletion layer) exists in a
semiconductor just inside of a metal-semiconductor interface when the potential barrier is
non-negligible. To calculate this space charge width associated with the Al/diamond
contacts in this study, we start with Equation 2.7 for the dependence of the space charge
width on the applied voltage. As a rough estimation, we use the middle range value of
10"-10"® cm™ reported hole concentration on natural type IIb diamond [21] [101], which
is 10" cm™ , a dielectric constant for diamond of 5.5, and use the Schottky barrier height
as an upper bound for the built-in potential Vy;. Reported Schottky barrier diode height
for most metals on diamond range from approximately 0.85 to 2.0 [56] [97] [102] [103]
[104] [105] [106] and is believed to be relatively independent of non-carbide forming
metal type or metal work function due to the pinning of Fermi level by surface states. The
barrier heights of all the samples in this research are between 0.72 to 1.08 eV (see section
4.2), therefore, a value of 1.08 eV will suit as an upper limit for the built-in potential.

For those values given above, the space charge region width in the diamond is
approximately 0.25 um at room temperature. This means that space charge region may
extend a considerable distance into the diamond film which is of special concern if diode
samples are fabricated on a very thin diamond film. To avoid running into the question of
space-charge-limited current or a punch-through effect, our diodes were usually

fabricated on film with thickness of 0.4 um or higher.
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However, one set of samples, which were prepared for measurement in a similar
way as described earlier in chapter 3, was used to study the effect of film thickness on the
I-V characteristics. Al was used to form both the top surface contacts (contact area =
4.91x10™ cm?®) and the whole backside ohmic contact. Tables 4.5 shows the deposition

parameters and some other key properties of this set of samples.

Sample Seeding H2 CO, CH,4 Substrate | Average
method flow rate | flowrate | flow rate temp thickness
(sccm) (sccm) (sccm) °O) (um)
BCS Scratched 200 0 5 476 0.309
S106 Scratched 200 0 5 439 0.604
BCI12 Scratched 200 0 5 502 1.081
BCI15 Scratched 200 0 5 514 1.501
S83 Photoresist 200 0 5 470 2.372
Table 4.5 Deposition parameters and other properties of diamond

Schottky barrier diodes with different film thickness.

Again, the I-V measurements were performed on random Al contacts of each
sample in the direction perpendicular to the surface of the film. All contacts of each
sample yield fairly good rectifying characteristic except sample BCS which have very
high reverse leakage current. Figure 4.17 shows the values of forward and reverse current

of each sample at + 10V. As expected, the plot indicates that although the bulk resistance
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of the diode can be reduced by making the diamond film thinner, thereby increasing the
forward current, the reverse leakage of the device became large for the two thinnest
samples. In fact, the I-V characteristic of the very thin diamond film sample BC5

resembles poor ohmic contacts with non-linear effects.

BC5 S106 BC12 BC15 s83
1.E-04 R
1605 | A R
1.6-06 | - - — s
<1e07| & — -

S1.E4)8 A e — - Q
3 1E09 {— ' — R
1610 | e
1.E-11 e
1612 8

0 05 1 15 2 25
filmthickness (um)

Figure 4.17  The forward current at +10V forward bias (triangle marks) and

reverse leakage current at —10V reverse bias (circle marks) versus diamond

film thickness.
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4.6 Variation with time and sample history

It has been observed that the dc I-V characteristics of the many diamond Schottky
barrier diodes investigated in this study often exhibited some variation from one test to
another. Two types of change were observed in the experiments: (1) a change in bulk
resistance of the film (shown in Figure 4.18 and 4.19), and (2) a change of ideality factor
n and saturated current I of the junction (shown in Figure 4.20).

Changes such as shown in Figs. 4.18, 4.19 and 4.20 were observed under a variety
of test conditions. These include (1) exposure to light, (2) electrical testing at high
temperatures (greater than 100 °C), and (3) prolonged (several hour) testing involving dc
biases. The literature [89] [107] [108] [109] [110] indicates that the electrical
conductivity of CVD polycrystalline diamond is strongly affected by states fairly deep in
the gap (an eV or more from the valence band edge). These states include both acceptor
type and donor type states. The acceptor-like states dominate, causing the CVD diamond
material to be p-type in nature. However, the donor states are also important because they
act to compensate the acceptor states. Changes in population of either can cause
substantial changes in the valence band hole concentration and, because the states are
deep lying, non-equilibrium population of these states can persist for long periods of
time, including several days.

Changes in the population of deep lying states can therefore cause an increase or
decrease in the bulk resistivity. Changes in the barrier height and space-charge layer, on
the other hand, are also strongly affected by changes in the population of interface states,
and near-interface states. Both bulk states and interface state populations can be changed

by the three device test conditions described above.
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Considering the case of exposure to light in Figure 4.18, the result of S100 shows
that light exposure causes little or no change in the space charge layer properties (Io and
n remain essentially the same), however a significant decrease in the bulk resistance Rpg.
This is consistent with observations of Ashok et.al. [108] and Gonnon et.al. [110]. Ashok
reported that change in I-V characteristic of their thin CVD diamond films, which were
very sensitivity to illumination, resulted from the presence of exponential distributed
traps in diamond. Gonnon et.al. observed a persistent photoconductivity in
polycrystalline diamond after illumination. They explained the phenomena as follows.
The illumination created electron-hole pairs. After illumination, electrons raised in the
conduction band were trapped in deep-lying states below the conduction band. The
population of free holes left in the valence band was believed to give rise to the persistent
photoconductivity.

However prolonged exposure to an electrical bias has been observed in this study
to sometimes cause an increase in bulk resistivity, as seen in Figure 4.19 for sample BC4
after a series of large signal switching experiments, indicating a decrease in the hole
population. One possibility is that a portion of the donor-type levels are emptied (and
therefore activated) by the bias, causing increased acceptor compensation. Alternatively,
if injected electrons are trapped by deep-lying acceptors, the effective population of
acceptors would be reduced, also increasing the bulk resistance. Our experimental
observations do not distinguish between these possibilities.

It should be noted that observation of temperature induced long-term variations in
bulk resistance as in Figure 4.19 were also reported by other researchers and were

attributed to dissociation of hydrogen from the diamond surface which cause anomalous
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or unstable conduction [47]. Hydrogen is believed to exist and passivate the deep traps in
CVD diamond films [89] [111]. High temperature can cause hydrogen to out-diffuse
resulting in an increase of trapping density leading to increased capture of holes,
therefore, reduction in free carrier concentration and increasing resistivity of the film.
However, the idea of increased bulk resistance in our sample caused by the out-diffused
hydrogen is doubtful, since the lowest reported temperature, which may cause hydrogen
dissociation, of 300 °C [85] [86] is much higher than our test temperature (27 — 127 °C).
We did not anneal our samples because an increase in bulk resistance is contrary to good
diode characteristics.

Finally, it was noted that long term electrical bias could also cause different test
condition induced variations. For example, as shown in Figure 4.18, under prolonged dc
bias conditions associated with small signal testing (chapter 5), BC7 showed changes in
Io and 1 but not Rp, indicating the changes involved interface states and band-bending,

but not bulk properties. In contrast, BC4 showed only changes in Rg.
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Figure 4.18  Change of I-V characteristics in sample S100. The solid-curve shows
characteristics before and the dot-curve shows characteristic 5 minutes after sample

was exposed briefly to bright light. Here Ip and n remain the same but Rg decreases.
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Figure 4.19 Change of I-V characteristics in sample BC4. The solid-curve shows
characteristics before and the dot-curve shows characteristic after 1 hour of large signal

test (see chapter 6). Here Ip and n remain constant but Rp increases.
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Figure 420 Change of I-V characteristics in sample BC7. The solid-curve shows
characteristics immediately after a small signal test. The dot-curve shows characteristic

2 hour thereafter. Here Ry is constant but Ip and 1 change.
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4.7 SPICE modeling and simulation for diode dc characteristics

The acronym SPICE stands for Simulation Program with Integrated Circuit
Emphasis. It was developed originally at the University of California Berkeley, and has
since effectively become an industry standard for device and circuit simulation [112].
The simulation tool PSPICE-6.3 [113] used in this research is a commercial version of
SPICE. The PSPICE diode model allows for the input of up to 29 parameters to describe
the device. Many of these parameters, however, are not relevant to the dc I-V

characteristics modeling for the diode. Table 4.6 shows the PSPICE diode model

parameters for dc simulation [26] [113].

SPICE Comp?.red Parameter description
parameter notation
IS Io Saturation current
RS Rg Parasitic bulk resistance
N n Ideality factor, emission coefficient
IK High-injection “knee” current
EG E, Energy gap = 5.45 eV for diamond
ISR Recombination saturation current
NR Recombination current emission coefficient
Table 4.6 PSPICE diode model parameters for dc simulation
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In SPICE, the dc characteristic of the diode under low-injection condition is
modeled by a nonlinear current source that follows the Shockley equation (see section

2.2), rewritten for convenience in the SPICE implemented form

Vv
I =1IS-EXP| ——
B @“3)

where V is the voltage across the diode and Vt is the thermal voltage (=kT/q). However,
the above equation is based on the assumption that the carriers are constant throughout
the space charge layer. In reality some carriers may be lost in this region by the
generation-recombination process. SPICE thus uses a different set of parameters to model

this region as

I =ISR- EXP| 4
NR -Vt

Under high-injection/high current condition, it can be shown [26] that the observed diode

current stops follow the Shockley form and approaches a modified form

I=1S-EXP[ 4 ]
2-N-Vt

For practical reasons, SPICE includes this effect by using the parameter IK to determine
the onset of high-injection. Figure 4.21 shows each region in SPICE simulation.

By using the values of I, n, and Rg determined from section 4.2, and adjusting
the remaining parameters to give the best fit to the experimental result, we can obtain the
SPICE characteristic parameters for each diode. These parameters will be used as a basis

for other parts of this study including time varying waveforms.
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Figure 4.21  An exaggerated display of regions in SPICE diode modeling

Figure 4.22 shows the fitting between the experimental result and SPICE
simulation for sample BC4. We obtain a very good fit between experimental data and
SPICE simulation with IS = 1.8 pA, N =2.40, RS = 1.2 MQ, IK = 1.2 nA, ISR = 4.3 pA
and NR = 3.06. However, in some samples especially those with high leakage current, a
discrepancy between experimental data and SPICE simulation remains. Figure 4.23
shows the fitting of sample SK7-C. Good fit is obtained in forward bias part while
reverse bias part shows appreciable difference. The best-fit SPICE parameters used in
Figure 4.23 are IS =48 nA, N = 4.47, RS = 17.95 kQ, IK = 400 nA, ISR = 351 nA, and

NR =19.98.
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Figure 4.22  Comparison between the experimental I-V data (cross mark) and

SPICE simulation result (solid line) on BC4
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CHAPTER 5
Small signal response of diamond

Schottky barrier diodes

5.1 Chapter Overview

This chapter presents the results of the investigation on the small ac signal
responses of diamond Schottky barrier diodes. Immediately following this chapter’s
introduction section, the admittance results in both parallel (Cp, Rp) and series (Cs, Rs)
equivalent circuit modes versus bias voltage and frequency are presented. The qualitative
interpretation of the results is given. In the next section, Cp, Rp, Cs, and Rg experimental
results are compared to three different models. These three models are: (I) a simple
model that only includes the combination of junction capacitance-resistance and bulk
capacitance-resistance as shown in Figure 2.6(a); (II) a simple model with an addition of
a series contact resistance Rc¢; and (III) a model which includes the effect of trap states
represented by a frequency dependent capacitance (Cy) and a frequency dependent
resistance (Ry). The last section discusses the application implications of diamond

Schottky diode in this study under small ac signal.
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5.2 Experimental results and their basic interpretation

In this study, before each small signal test, the dc current-voltage characteristic
measurement was performed on each diode at 27 °C. The diode parameters such as I, 1,
and Rp were then extracted from the dc current-voltage result as described in section 4.2.
The values of these diode parameters were used in model calculation to compare with the
experimental results.

As described in detail in section 3.8, the diode responses to a small signal were
studied by using a HP4284A precision LCR meter. A HP4192A LF impedance analyzer
was sometime used to verify and cross check the experimental data. All measurements
were conducted at 27 °C in the light-tight box. The experimental results at difference ac
frequencies and dc bias will be presented in this section along with some remarks. Under
normal test conditions, the instrument (HP4284A/HP4192A) test frequency was
increased systematically from 100 Hz to 1 MHz in each test. The center dc bias was
varied between —5 V to + 5 V, while the oscillation level were kept fixed at 100 mV. The
small signal resistance and capacitance values of the Schottky diodes were measured and
stored into data files. Both instruments operate so as to measure the resistance and
capacitance versus frequency in both parallel (Cp, Rp) and series (Cs, Rs) equivalent
circuit models.

Figure 5.1 shows the frequency and bias dependence of capacitance and
resistance in both parallel (Cp, Rp) and series (Cs, Rg) equivalent circuit modes for a

diamond Schottky barrier diode (sample BC4).
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Plots of Cp, Rp, Cs, and Rg versus bias voltage at different

frequencies of diamond Schottky barrier diode BC4. Negative voltage values

indicate reverse biases.
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It is of interest to make a comparison of these experimental results with the small
signal simple model discussion of section 2.4.Consider first the capacitance results. In
both the Cs and Cp measurements, it is observed that at high frequencies (eg.1MHz) the
results approach a saturation value for both forward and reverse bias. In comparison with
Figure 2.8, this saturation value should be equal to €A/L. Taking diode area of A =
4.91x10™ cm™, the experimental results for Cp and Cs at high frequency indicate an L
value of 0.54 um. This compares to an L value of 0.56 um based on average weight gain
measurements. At reverse bias, the expectation (as illustrated in Figure 2.8) is that the Cp
value remains at eA/L. This is also in agreement with the experimental results. However,
for Cs in reverse bias, the experimental results show that the Cg value remains constant as
frequency increased. Figure 2.10 indicates that at sufficiently low frequency, Cs should
begin to increase. This increase was not observed experimentally for BC4. Now,
considering capacitance results at forward bias, Cs is observed experimentally to increase
as frequency decreases. This agrees qualitatively with the prediction of Figure 2.8. Cp
also remain with decreasing frequency, however the experimental results do not show the
eventually saturation in Cp that is predicted by the simple model.

Next, considering the resistance results, comparing Figure 5.1 with the prediction
of Figure 2.9 and 2.11, at low frequencies, the reverse bias value of Rp is very large as
expected, also at low frequencies, the forward bias value of Rp is in the order of Rp, again
as expected qualitatively. At high frequencies, Rp decreases for both forward and reverse
bias, again as expected from the simple model. For Rg again for the low frequencies, Rg

is on the order of Rp for forward bias and much larger for reverse bias. At high
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frequencies, Rs decreases for both forward and reverse biases, more rapidly for the later
than the former as expected from Figure 2.12.

Therefore, from a qualitative point of view the results for Cp, Cs, Rp, and R as a
function of frequency and bias seem to agree with expectation with two exceptions,
namely, (I) Cp does not saturate in forward bias at low frequency, and (II) the increase in
Cs with decreasing frequency in reverse bias is not seen.

It is also observed that in both capacitance and resistance measurement results for
BC4, the responses monotonically change between forward bias values and reverse bias
values for every test frequency. In contrast, Liu et al. [114][115], and Fox et al. [116]
have observed a peak of capacitance and conductance versus voltage which moved with
increasing frequencies in CVD diamond. They indicated that the interface states in
diamond were the source for the peak. However, no peak of capacitance, resistance or
conductance versus applied voltage is observed for any test frequency for BC4. It is
suggested by Viktorovitch [36] that the absence of peak should indicate either that the
density of surface/interface states is negligible or that their occupancy is controlled by the
metal Fermi-level in such a way that they do not contribute to capacitance. Some of our
samples show monotonic behavior as BC4, others do not.

Finally as stated by Rhoderick in his book [27] on Schottky diodes, the
capacitance of a Schottky barrier structure under reverse bias obeys the relation as given
in Equation (2.9) and (2.10). Thus, a linear relation can be obtained between C? and bias
voltage. From the linear relation, the carrier (acceptor) concentration in the semi-

conductor can be obtained.
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For our experiment on diamond Schottky barrier diode BC4, both Cp and Cg
spectroscopy at various frequencies are plotted in Figure 5.2 in the form of C? versus
reverse bias voltage. However, no linear relationships were found in the plots. Kiyota
et.al. [28] concluded in their study that a non-linear relation between C? versus bias
voltage (C-V) indicated that acceptor concentration, and therefore ionized states, were
not uniform in their as-grown film. A non-uniform effective-acceptor concentration
would, in fact, be expected if, as suggested by Hayashi et.al., Looi et.al. [117], and
Gluche et.al.[84], the p-type nature is associated with near-surface hydrogenation.

With traditional silicon electronics, it is generally met in practice that a C%-V plot
has a linear characteristic However, a non-linear relation between C? and bias voltage are
often found in Schottky barrier diodes fabricated on other type of materials eg. GaAs, and
Zn0O even when the materials have uniform doping. These phenomena are currently not
fully understood [118] and have been attributed to interface state [119], minority carrier
injection [120], or non-zero free-carrier transit time in the space charge region [121].

For diamond Schottky barrier diodes, there are only a few articles which address
the non-linear relation between C? and reverse bias voltage. One was by Kiyota on un-
doped as-grown diamond Schottky diode as noted earlier. Liu et.al. [114][115] also
observed such non-linear relations in their boron-doped diamond Schottky diodes. Since
the doping conditions were kept unchanged in the sample growth, they concluded that the
non-linear characteristic of C-V in their boron-doped diodes should not come from non-
uniform doping profile but rather from the interface states, deep level centers, and the

series resistance in the diamond sample.
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5.3 Small signal model fitting results

This section describes the results of fitting the small signal experimental results
with the models in chapter 2. In this section, models are applied to two diodes SK7-B,
and BC4. Sample SK7-B is fitted to the models first. Later, sample BC4, which we
already gave some results qualitative interpretations in the last section are considered.

Figure 5.3 shows Cp, Rp, Cs and Rg of diode SK7-B at different center bias
voltage. As can be seen from the figure, the response of SK7-B is more complex than that
of BC4. The non-monotonic behaviors i.e. peak of capacitance Cp and resistance Rp are
observed. Such peak possibly indicates the presence of interface states in diamond
[114][115][116]. However, compare Figure 5.3 to Figure 2.8 - 2.11, the responses of
SK7-B qualitatively agree with most of the simple model predictions. Saturation of both
Cp and Cg at high frequency regardless of bias is observed. At low frequency forward
bias, Cp approaches saturation while Cg increases with decreasing frequency. The values
of both Rp and Rg approach saturation under low frequency. At higher frequency Rp
decreases and seems to approach a saturation value while Rg continue to decrease with
the increasing frequency.

According to the equivalent circuit model in Figure 2.6(a), the impedance and the

admittance of the circuit can be written as

R, R

1
= — - ,and Y =— (5 1)
I+i-w-R,C, 1+i-w-R,C, VA :
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All the variables have the usual meaning as in section 2.4. The value of Cp, Rp, Cs and Rg

can then be calculated from

C, = ‘—m(f)ﬁ LR, = ﬁ . C, =;h%(5 ,and R, =Re(Z) (5.2)
which will give the final expressions as in written in Equation 2.12 and 2.13.

In equation 5.1, there are four parameters - C), Cg, R; and Rg. The value of C; and
Cp can be obtained from the sample thickness, L, and depletion layer width, w, as from
the expressions in Equations (2.8) and (2.14). However, in both the Cs and Cp
measurement, it is observed that at high frequency, the capacitance of the diode
approaches a saturation value of 51 pF regardless of bias. According to the analysis in
section 2.4, this value should equal to the geometrical capacity of the whole film, €A/L.
Taking the area of the diode 1.99x10” cm? into account, the thickness of the diode, L, is
found to be 1.90 um which is close to 2.02 pm based on weight gain. Also, the dc
current-voltage characteristic measurement of this diode yields the value of Rg of 198
KQ. However, since the thickness of the depletion layer is not constant but rather
depends on the bias voltage, the value of Rp can be adjusted to reflect the change in
depletion layer thickness. Under forward bias, value of the dynamic resistance R; can be
calculated from nkT/I, where I is the dc current at that specific bias voltage. From dc
measurement, the ideality factor of SK7-B is 14.1 and saturation current is 58 nA. Under
reverse bias, ideally R; is very large (infinite), practically R; can be obtained from dI/dV

at specific reverse bias voltage of the dc measurement.

119



From the above discussion, one should be able to find a fit to all the Cp, Rp, Cg
and Rg results at each different bias voltage by only adjusting the value of two variables,
namely depletion layer width, w, and the bulk resistance, Rp. Figure 5.4 shows the results
of the fitting between experimental data and simple circuit model. To obtain a fit to all
bias voltage, the value of depletion layer width, w, was varied between 0.81 um at 5 V
forward bias to 0.94 pm at 5 V reverse bias. The value of bulk resistance, Rp, was also
varied from 180 KQ to 330 KQ as shown in table 5.1.

From Figure 5.4, it can be seen that, although we can obtain a qualitatively
acceptable fit between experimental and model results, discrepancies between
experimental and model are remained in all plots, for example Rp and Rs at high

frequency, and Cp at low frequency

Bias voltage w (um) Rp (ohm) R, (ohm)
+50V 0.81 330K 48 K
+2.5V 0.83 325K 250K

0.0V 0.88 320K I5M

-25V 0.91 250K 48 M

-50V 0.94 180K 42 M
Table 5.1 The parameter values used in model fitting of the

diode SK7-B in Figure 5.4.
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Snell [37] observed a rapid rise in conductance (drop off in resistance) in the
capacitance-conductance spectroscopy measurement on Au/Si Schottky barrier diodes at
test frequencies higher than 10 KHz. He attributed such a rapid rise to a 40 Q contact
resistance. This may be expected since all metal-semiconductor contacts have a finite,
non-zero, contact resistance. After taking the contact resistance effect into his model
calculation, Snell observed perfect fit between his model and experimental results.

A study by Bataineh [122] on CVD diamond impedance spectroscopy suggested
that although contact resistance is small it plays an important role at high frequencies and
needed to be included into the equivalent circuit model. Studies by Venkatesan, and von
Windheim et.al. [17] [21] on diamond Schottky barrier diodes also conclude that the
frequency dependent capacitance of the sample is the results of the combination of
junction capacitance, bulk resistance and back contact resistance. The authors observed
that the frequency dependence significantly reduced after the back contact resistance was
reduced.

In order to accommodate the contact resistance into our model calculation,

Equation 5.1 is modified to include Rc¢ as

___ & R,
1+i-w-R,C, 1+i-w-R,C,

1
+R¢,and Y =— _
c»an Z (53)

Where Rc is the contact resistance. The value of Cp, Rp, Cs and Rg can then be calculated

from Equation 5.2.
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Figure 5.5 shows the fitting between experimental results and the model in
Equation 5.3. Note that all the value of C;, R;, Cg and Rg were maintained at the same
value as used in previous fitting between experimental results and model in Equation 5.1
(without R¢). With the addition of Rc=52 Q in our model, the fall of at high frequencies
of the resistances are observed in the model calculation. Now, a better fit in Rp and Rg
than those in Figure 5.4 can be obtained.

As mentioned in section 2.8, there are two major interpretations of small signal C-
V studies on diamond Schottky barrier diode. Some studies, e.g. Venkatesan’s, indicate
that the frequency dependent of capacitance can be simply model by the combination of
the junction, the bulk, and the contact elements. Others, e.g. Glover, indicate that deep
trap states in diamond play an important role in the interpretation of C-V results. It is
important that we try to adapt Glover’s model into our result interpretation.

Glover[19] models the effects of deep trap states with the combination of Cy and
Rr as shown in Figure 2.17. Based on earlier work by Schibli [123], the values of Cs and

R¢ can be calculated from

C, = ,and R, =
! ) I C,
2
where B=\/2e N, ;%C('AP'R

N, = acceptor concentration

a

C,.,» = capture probability

2 TUKT

N, = valence band density of states
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Figure 5.5 Fitting between the Cp, Rp, Cs, and Rg experimental results

of SK7-B and the model which include the contact resistance effect.
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To obtain results which include Glover’s Cr and R¢ elements, our model Equation 5.1
must be re-written as
R, ., R 1

= : . + +R/
I+i-0-R,C, 1+i-0-R,Cy i-0-C,

54

The value of Cp, Rp, Cs and Rg can then be calculated from Equation 5.2.

In order to obtain the value of B, one must have the values of N,, Ccap, and Np.
However, for the first approximation, we use the middle value of 10'*-10"® cm™ reported
acceptor concentration on natural type IIb diamond [21] [101], which is N, = 10"®cm™, a
dielectric constant for diamond of 5.5, a valence band density of states N; = 10'° cm™
[124], and use the activation energy of 0.21 eV obtained in section 4.3. Glover also
reported the Ccap value in the order of 107'% ¢cm?/s for natural type IIb diamond.

For those values given above, the approximated value of B is in the order of 10

12y Figure 5.6 shows the fitting between experimental results and the model in

F/(cm®.sec
Equation 5.4. Note that all the value of C), R;, Cg and Rg were maintained at the same
value as used in previous fitting between experimental results and model in Equation 5.1
(without R¢). With B = 7x 10 F/(cmz.sec”z) in our model, an improved fit in Cp, Rp, Cs
and Rg can be obtained than that of simple model in Figure 5.4.

Let us now turn our attention to the admittance results of BC4 given in the last
section. We also apply the models described above to BC4 results with the similar

process. In both the Cs and Cp measurement, it is observed that at high frequency, the

capacitances of diode BC4 approach a saturation value of 4.41 pF regardless of the bias.
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Fitting between the Cp, Rp, Cg, and Rg experimental results

of SK7-B and the model which include Glover’s element C¢and Rg.
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According to the analysis in section 2.4, this value equals to the sample geometrical
capacity, eA/L. Taking the area of the diode 4.91x10™ cm? into account, the thickness of
the diode, L, is found to be 0.54 pm. Also, the dc current-voltage measurement of this
diode yields the value of Rg of 1.2 MQ.

Under forward bias, value of the dynamic resistance R; can be calculated from
nkT/I. From dc measurement, the ideality factor of BC4 is 2.4 and saturation current is
1.8 pA. Under reverse bias, ideally R; is very large (infinite), in practice R; can be
obtained from dI/dV at a specific reverse bias voltage of the dc measurement. Again, by
adjusting the value of two variables, w and Rp, we can find the fit for the simple model.
Figure 5.7 shows the results of the fitting between experimental data and simple circuit
model results at three different bias voltages. Table 5.2 shows parameters used in the fit.
From the plot in Figure 5.7, it is shown that the simple model does not explain the
characteristic of the responses of BC4. Furthermore, by adding contact resistance effect
as in equation 5.3, we found that with the contact resistance up to 1 KQ, there is no

significant change in model calculation results.

Bias voltage w (um) Rp (ohm) R; (ohm)
+50V 0.81 330K 48 K
0.0V 0.88 320K ISM
-50V 0.94 180 K 42 M

Table 5.2 The parameter values used in model fitting of the

diode BC4 in Figure 5.7.
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and the simple circuit model of sample BC4.
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Finally, the experimental results of BC4 are fitted with model that includes trap
state effect. As can be seen from Figure 5.8, although there are some fitting improvement
in the plot at high frequency over that of simple circuit model in Figure 5.7, the model
still can not explain the admittance characteristics of BC4.

In conclusion, we have compared the experimental results with three types of
models — (I) a basic model which only involves junction (C;, R;) and bulk (Cg, Rp)
components, (II) a model which adds the effect of contact resistance Rc, and (III) a model
which instead of Rc includes deep trap state effects. Some of our sample’s small signal
responses can be generally represented by models given above (e.g. SK7-B). However,
the responses of other such as BC4 could not be explain by those three models. The
comparison between those models and the experimental results of SK7-B show that the
model with trap state effects give the best fit to Cp, Rp, Cs and Rs among the three
models. However, it has been observed that the simulation results of model with contact
resistance (R¢) and the model with trap state components (C¢ ,Rf) gave a very similar
results in Rp, Cs, and Rg simulations. The difference between those two models is in the
results of Cp, which will not be observed if the experimental data are only taken in series
mode (Cs, Rs). This has in fact often been the case in the literature. Furthermore, since
the characteristics of both models are very similar, the real response of the diamond
Schottky barrier diode is possibly affected by both the contact resistance and the deep

trap state effects.
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5.4 Application implications of the small signal results

In the previous sections of this chapter, the focus has been primarily on the
implications of the small signal results on diode models. However, diodes are also used
for small-signal electronic applications. When reverse biased, they are used as small-
signal, voltage-variable capacitors, or varactors. When forward biased, diodes may be
used as small-signal, voltage-variable resistors, or varistors.

In terms of using the diamond Schottky barrier diodes as forward-biased varistors,
Figure 5.3 which represents the results for a sample on film SK7, one of the faster diodes
in the study, shows a significant bias dependence of the small signal resistance Rp well
beyond 100 KHz. For example, at 200 KHz, the small signal resistance is approximately
700 KQ at zero volt bias, 350 KQ at 2.5 volt bias, and 200 KQ at S volt bias, decreasing
with forward bias as expected. By 1 MHz, however, the varistor action is largely lost.

As for the use of diamond diodes in this study as varactors, Figure 5.2 shows that
sample BC4 shows appreciable reverse bias variation, decreasing with increasing reverse
bias, for frequencies up to about 10 KHz. For sample SK7, the capacitance variation is
more complex, as previously discussed, with non-monotonic variations of capacitance

with voltage. Speed limitations are discussed in more detail in the next chapter.
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CHAPTER 6
Large signal response of diamond

Schottky barrier diodes

6.1 Chapter overview

This chapter presents the results of investigations on the large switching signal
response of the diodes. The first two sections of this chapter discuss the effects of load
resistances and the coaxial connecting cables which give rise to a significant parasitic
capacitance in the measurement setup. These parasitic capacitances are incorporated into
the SPICE model. The experimental results are then presented and compared to the
SPICE simulation results. Next, the sensitivity of the SPICE simulation results to changes
in transit time parameter of the diode are considered. The final two section in this chapter
discusses possibilities for improving the rectification frequency limit or “speed” of the

diamond Schottky diode by mean of area scaling and material doping.
6.2 Measurement circuit considerations

To study diode responses to a large switching signal, basically, we can pass

switching signals between forward and reverse bias from a function generator to the
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Schottky barrier diode, then, probe the output responses by an oscilloscope. However,
there are some circuit considerations needed before the data be presented. Figure 6.1
illustrates the measurement circuit used to obtain the measurement results from the setup

in Figure 3.10.

diode coaxial coaxial V
under test cable-2 cable-1
detecting
probe
l.: load R i
T S| S
function P
generator
oscilloscope
Figure 6.1 Measurement circuit for large switching signal

responses experiments.

In Figure 6.1, R, represents the load resistance used in the setup to adjust the
effective input impedance of the oscilloscope. To appreciate the effect of this Ry, let us
first consider the HP 54200D oscilloscope without any load resistance R;. The
oscilloscope is connected to the detecting probe via a 50-Q coaxial cable. The
oscilloscope specification indicates its input impedance as a 1 M Q resistance in parallel
with a 14 pF capacitance. However, the effect of the coaxial cable-1, as will be described

in the next section, is to cause the effective value of input impedance at 10 KHz to be a 1
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MQ resistance in parallel with a 112 pF capacitance. The RC time constant of these input
components is then approximately 112 ps which is even larger than a 100 ps full period
of a 10 KHz signal. Figure 6.2 (a) shows the effect of this large time constant for a 10
KHz input, in which the diode plus the RC components basically act as an ac to dc
converter, with a ripple voltage. This precludes observation of diode switching action.

By introducing an appropriate load resistance, R, into the measurement circuit,
this large RC time constant can be reduced to give less effect on the circuit responses.
Figures 6.2 (b) to 6.2 (e) show the experimental results when Ry values of 200 KQ, 51
KQ, 10KQ, and 2.01KQ were used with sample BC4. It can be seen in Figure 6.2(b) to
6.2 (d) that as expected, the lower the value of load resistance Ry, the less effects of the
input RC are noticed. However, the response while using a 2.01KQ load resistance in
Figure 6.2 (e) does not show significant differences in shape characteristics from the
response while using 10KQ load resistance in Figure 6.2 (d). At this point, another issue
needs to be addressed, which is the lower the value of R, the weaker the response signals
detected by the oscilloscope. This is simply due to the voltage division resulting from
high bulk resistance of the diamond samples. Although similarity in shape of response is
observed when using 10KQ and 2.01KQ load resistance values, the response is much
weaker and exhibits much higher noise when using the 2.01KQ load resistance.
Therefore, a load resistance of 10 KQ was used in sample BC4 experiment.

By using the same consideration as above, an appropriate value of R, could be
established for other samples. The suitable Ry for other samples used in this research was

found to be between 10 KQ and 50 KQ.

139



580 mV/div 28.8 ussdiv

P T : : LT T
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resistance, (b) 200 KQ load resistance, (c) 51 KQ load resistance, (d) 10 KQ

load resistance, and (¢) 2.01 KQ load resistance.
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6.3 Effects of connecting cables and load resistance in the measurement circuit

In dc or low frequency testing, normal laboratory practice usually neglects the
effects of connecting cables between probes and the measurement equipment. As the
frequency of operation is increased, however, connecting cables can have marked effect
on the sample under test. In the large signal test part of this research, two coaxial cables
were utilized; one to connect from the detecting probe to the load resistance and another
from the load resistance to the oscilloscope as shown in Figure 6.1.

To account for the effects of these cables, we begin by considering the simple
cable system shown in Figure 6.3. At dc and very low frequencies, the input impedance
Z; would be equal to load resistance Z,. This is simply the expected behavior of a pair of

wires from a circuit point of view [125].

)
——————————— e
lo -
Zi— \ /T T T 777 -~
O * Zr
Ci
Zi —>
Rin ==Cin

Figure 6.3 Coaxial cable circuit.
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However, as frequency is increased, the coaxial cable in Figure 6.3 should be
viewed as a transmission line terminated with load Z,. For the case of a lossless cable
under sinusoidal excitation the relationship between Z; and Z; for a cable of length / is

given by [125] [126]

z =z(,(z' + 2, tan(P ")] (6.1)
Zy+ jZ, tan(fB-1)

where Z is the characteristic impedance of the cable, and /3 is the propagation constant.

If vp is defined as the speed at which an electromagnetic wave propagates along the

cable, and fis the frequency, the value of £ can be found from
1)
f=—=— (6.2)

If v¢ is the velocity of light, the coaxial cable vp value can be calculated from its
dielectric value of polyethylene medium £=2.25 gpand u= up as [125] [127]

v =—l——=0.68-v(. (6.3)

' V22564,

For a 1-meter 50-Q coaxial cable connect to a IMQ (shunted by 14 pF) oscilloscope, at

10 KHz measurement frequency, p = 1.54x10” m™". The effective input resistance R, and

capacitance C;, can be calculated from
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7 - 500 (IMQ//14PF) + 500 jtan(1.54-107%)
' 500 + (IMQ//14PF)- jtan(1.54-107%)

to be 10°Q and 112 pF respectively.

Let us consider our measurement circuit interpretation shown in Figure 6.4. As
can be seen from the circuit, the impedance Zosc of the oscilloscope can be calculated
from the parallel circuit of oscilloscope load value Rosc and oscilloscope shunt
capacitance Cosc. Equation 6.1 then can be applied to give the input impedance Z,; as

observed “looking in” form the first coaxial cable

l )

------ ) —
Zy (=== —\7 Zi—\G-————- By l
o— R R C
coaxial L coaxial osc osc
cable-2 cable-1
07
22 —>
Rin ==Cin

Figure 6.4 Circuit interpretation of the two coaxial cables used in

the large signal response measurement.
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Z =7 Zosc *+ JZy tan(B-1) (6.4)
! 0 Z() + qu.\‘(' tan(ﬂl)

Equation 6.1 can also be applied to give the input impedance Z; as “looking in” from the

second coaxial cable

Z, +JjZ,tan(B-1)

Z,= 0( . ) (6.5)
Z,+jZ, tan(B-1)

Here, the value of Z; is calculated from the parallel combination of the additional load
resistance Ry and input impedance Z; from the first cable. To utilize the result of Z; in
our later simulation process, the equivalent circuit resistance R;, and capacitance C;, can
be obtained from real and imaginary part of Z, respectively.

For our measurement setup, the HP54200D oscilloscope Rosc and Cosc are, as
noted, given as IMQ and 14pF respectively. Two 1.0-meter RG-58/U coaxial cables are
used. These cables have a nominal characteristic impedance of 53.5 ohms [127]. With a
load resistance Ry of 10 KQ, at a test frequency of 10 KHz, the effective input resistance
Rin and capacitance C;, are calculated to be 9.901 KQ and 197.2pF respectively. This
result shows that the combination of coaxial cables and load resistance will introduce a
significant amount of capacitance, which appears in parallel with the input of the

oscilloscope and must be included into our simulation model.
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6.4 Experimental results and SPICE model comparison

As described in detail in section 3.9, the diode responses to a large switching
signal were studied by passing a 20 Vpp sine wave from a function generator to the
Schottky barrier diode. The output responses were then probed by an oscilloscope with
load resistance Ry as in the circuit model of Figure 6.1. All measurements were

conducted in the light-tight box. The experimental results at difference input frequency

will be presented in this section in comparison to SPICE simulation resulits.

In SPICE simulation, the response of the diode under an ac signal is modeled not
only by the nonlinear current source described earlier in section 4.7, but also by diode
capacitances, which are voltage-dependent and represent the charge storage effects of the

junction. Table 6.1 shows the addition SPICE diode model parameters for the ac

simulation.
SPICE Compared Parameter description
parameter notation
CJO Co Zero-bias junction capacitance
V] Vi Barrier potential or “built-in” potential
M Grading coefficient
TT 217 Transit time
Coefticient for forward bias depletion
FC .
capacitance formula
Table 6.1 Additional SPICE diode model parameters for ac simulation.
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SPICE models charge storage in diode with two distinct capacitive mechanisms
[26], which are (1) capacitive effect of the depletion region and (2) capacitive effect from
mobile carriers (diffusion capacitance). The depletion region capacitance follows the
simple approximation that the depletion region serves as the gap between “plates” of a
capacitor. The depletion region varies in thickness, and therefore the capacitance varies
with applied voltage. The approximation of depletion region capacitance in SPICE

implementation is given by

cJo

(I_L)“ (6.1)
vJ

CJ =

where CJO is the zero-bias junction capacitance value, V is the applied voltage, VJ is the
junction barrier potential and M is the grading coefficient. M varies between 1/2 for step
junction to 1/3 for linearly graded junction. The above equation is actually the same as
equation 2.10 with M equal to 1/2 for Schottky barrier diode.

Inspection of the capacitance equation 2.10 and/or 6.1 reveals that it predicts
infinite capacitance for a forward bias, which is not the case for a real junction. For
practical reasons, SPICE uses a simple approach: for forward bias beyond some fraction
(set by parameter FC which by default = 0.5) of the value of VJ, the capacitance is
determined as the linear extrapolation of the capacitance at the departure.

In diodes with both majority and minority carriers, the charge storage due to
excess minority carriers injected across the junction under forward bias gives rise to
another capacitive effect in SPICE simulation, diffusion capacitance. This charge, and

therefore capacitance, is proportional to the total current injected across the junction. The
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proportionality constant (SPICE parameter TT) between the current and the charge is a
time constant which represents the minimum time required to either store or remove the
charge. It is called the transit time of the diode [26]. The total charge Q in the region is

therefore
Q =device current x transit time

SPICE calculates the diffusion capacitance from the derivative of the above equation with

respect to bias as the following (see also equation 4.3)

diffusion capacitance = 77T iEXP[—V—] (6.2)
N-VT N-VT

Figure 6.5 shows the circuit used to perform the SPICE simulation. It should be
noted that one disadvantage of the SPICE diode model is that SPICE neglects the effect
of the capacitance due to the bulk part of the thin-film diode and does not include it into
its model parameters. Therefore, the element CB representing the bulk capacitance is
placed in parallel with the bulk resistance RB. Actually the bulk resistance of the diode
may be provided as one of the SPICE diode parameters, namely RS (see section 4.7).
However, to simulate both the resistive and capacitive effects of the bulk part, the value
of RS in the diode parameters is set to zero and the bulk resistance value is instead placed
into RB. Again, CB is calculated from the simple approximation of parallel plate

capacitance as in equation 2.14.
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Figure 6.5 Measurement and simulation circuit for diamond

diode switching experiments.

In Figure 6.5 the elements RIN and CIN represent the combination of the load
resistance, coaxial cables and the oscilloscope input impedance as described in detail
earlier in section 6.3. The values of diode parameters — IS, N, RS (now RB), IK, ISR and
NR are obtained from dc current-voltage measurement as described in section 4.7. The
rest of parameters, which are VJ, TT, CJO and CB, are obtained by adjusting the
parameters to fit the SPICE modeled results to the experimental results.

There are some considerations for what range of value of VJ, TT, CJO and CB
should be used in the simulation. As discussed in section 4.5, the barrier height value of
diode (¢p) obtained from section 4.3 can be used as an upper bound limit and guide line

for the built-in potential VJ value. And since Schottky barrier diode operates as a
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majority carrier device under low-level injection, small values (between 107'% - 107
second) were first be used for TT in the SPICE simulation. Also because the value of
both CJO and CB are only dependent on the depletion width W as in equation 2.8 and
2.14, one only needs to vary the value of W in the simulation to obtain both CJO and CB.
A limitation of the SPICE simulation is that CB is constant for a given simulation ren. In
fact, W changes with bias. This is accounted for in SPICE for CJ but not CB. However,
as will be shown later in this chapter (section 6.7), CB does not play a dominant role in
the switching properties of the diode.

For the switching waveform of sample BC4 in Figure 6.6, the oscilloscope input
resistance and capacitance were 1 MQ and 14 pF respectively. The load resistance was
10 KQ, so the values of RIN and CIN within the test frequency of 1 KHz to 10 KHz are
approximately 9.901 KQ and 197 pF respectively. The dc current-voltage measurements
in chapter 4 on the diode indicated a bulk resistance RB value of 1.2 MQ. The parameters
IS=1.8 pA,N=2.40,IK =1.2 nA, ISR =4.3 pA and NR = 3.06 were obtained from the
fitting between the dc current-voltage experimental result and the dc SPICE simulation as
described in section 4.7.

When the values of VI =0.8 V, TT < 1 ps, CJO = 10.86 pF and CB = 7.01 pF
were used in the SPICE simulation, a good fit to the measured data was obtained within 1
to 20 KHz frequency range as shown in Figure 6.6. Given the film thickness of 0.56 pum,
the values of CJO and CB given above correspond to the depletion width of 0.22 um at
zero bias. Note that varying values of TT parameter from 0 to 1 ps did not give

significant difference in the SPICE simulation. This will be discussed in the next section.
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Figure 6.6 Switching responses of sample BC4 at (a) 1 KHz, (b) 4 KHz, (c) 10
KHz, and (d) 20 KHz. Thick solid lines represent experimental results. Thin lines

with circle marks represent SPICE simulation results.
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6.5 Sensitivity of SPICE model to changes in transit time parameter TT

As previously mentioned in section 2.5, if an appreciable fraction of the forward
bias current in the Schottky barrier diode is due to minority carriers, then upon switching
to reverse bias, a reverse current flows while the excess carriers stored in the depletion
region are being swept out. This removal process of the excess minority carriers induces
a transit time and effects the response of the diode to the excitation.

Minority carrier storage is common in P-N junction diodes and is the cause of the
diode’s diffusion capacitance, which is added to the ordinary depletion region
capacitance when the junction is forward biased. Generally, in Schottky barrier diode,
one can assume no minority carrier storage, hence, no diffusion capacitance. In this case,
the capacitance of the Schottky barrier should simply due to that of space charge in the
depletion region. However, there are reports of minority carrier effects especially at high
forward current levels in some Si Schottky barrier. Also the response of few samples
under large switching signal in this study, such as BC4 in Figure 6.6, qualitatively
resemble that of minority storage effected to the sinusoidal excitation as previously
shown in Figure 2.15.

SPICE analysis can provide insight into whether the similarity between responses
of diodes in this study such as in Figure 6.6 to that of Figure 2.15 is the evidence of
minority carrier storage effect in diamond Schottky barrier diode. In SPICE analysis of
the switching responses of sample BC4 at 4 KHz as shown in Figure 6.7, the parameter

TT representing transit time in the diode is varied while all other parameters are fixed.

153



0.12
0.08
0.04 TT<1E-6
S 0
II /
004 | ‘ I{ K I;!
\ \ \
o TT=1E-4 ° °
-0.08 \‘oo‘, . \\Bc‘r' \‘oél
-0.12
0.0011 0.0013 0.0015 0.0017
Time (sec)
(@)

0.15

0.10

0.05

Volt
o

-0.056

-0.10

15
5.75x10* 6.00x10* 6.25x10* 6.50x10* 6.75x10™

Time (sec)

(b)

Figure 6.7 SPICE simulation results of sample BC4 at (a) 4 KHz and (b) 20 KHz.
The values of parameter TT are varied between 0 to 10 second while all other
parameters are kept constant as the following: IS = 1.8 pA, N =240,RB=12M Q, IK =

1.2 nA, ISR=4.3 pA,NR =3.06, VI =0.8 V, CJO =10.86 pF and CB = 7.01 pF
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From the SPICE analysis in Figure 6.7, it is observed that with the values of TT
less than 1 ps, there is no significant different in the results of the simulation. This means
that even if the minority carrier storage exists in the diamond Schottky barrier diode, the
effects of its diffusion capacitance will not be observed in our KHz experiment unless the
storage time of the actual Schottky barrier diode is larger than 1 ps. Compared to Si
Schottky barrier diode in which the storage time in range of ns are reported, it is unlikely
that diamond Schottky barrier diode will have storage time larger than 1 ps.

Therefore, the similarity between our experimental results and that of Figure 2.15
should not be because of the effects of diffusion capacitance and is not an evidence of
minority carrier storage. In fact, the switching response characteristic appearance of BC4
was also found in other samples in this research. To measure the minority carrier storage
in Schottky barrier diode, one usually needs to perform the reverse-recovery experiment
[29](65][128][131][132][133] on the diode at much higher frequency than KHz range.
However, such experiments were not investigated further in this research since at
frequencies higher than KHz range, most of our sample no longer yield a good rectifying

capability as in Figure 6.6 (c) and (d) for sample BC4.
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6.6 Area scaling effect on switching signal response of diamond Schottky diode

From the experimental results in Figure 6.6, sample BC4 shows good rectification
at 1 KHz (or less) but does not at appreciably higher frequencies. This section explores
the role of diode area on switching performance. The area scaling effect on the switching
signal response of the diamond Schottky diode was studied as shown in Figure 6.8 and
6.9. The diodes in Figure 6.8 and 6.9 were fabricated on the same diamond film under
identical process but one with the contact area of 4.91x10* cm? (SK7-Y) and the other
with contact area of 4.45x10” cm® (SK7-C).

For the switching waveform of diodes in Figure 6.8 and 6.9, the oscilloscope
input resistance and capacitance were 1 MQ and 14 pF respectively. The load resistance
of 10 KQ was used in the measurements. From the result in Figure 6.8, diode SK7-Y
with contact area of 4.91x10™* cm? shows good rectification up until 4 KHz but does not
at higher frequencies of 10 and 20 KHz. Interestingly, the same rectification frequency
limit was also obtained from diode SK7-C with larger contact area of 4.45x10” cm? as in
Figure 6.9. The response results of Figure 6.9 are very similar to those of Figure 6.8. The
different is the amplitude of the responses in Figure 6.9 is in the order of hundred times
larger than that of Figure 6.8. From the above results, it is shown experimentally that we
do not successfully improve the rectification limit or “speed” of the diode by making the
contact area larger or smaller.

To study the area scaling effect on switching signal response of diamond Schottky
diode by SPICE, we first fit the SPICE simulation results to the responses of SK7-C with

contact area of 4.45x10” cm? at various frequencies as shown in Figure 6.10.

156



18.88 mV/div 58.8 us/div

(a)

18.88 mV/div 28.8 us/div

(b)

18.08 mV/div 18.8 ps/div

(©)

Figure 6.8 Switching signal responses of diode SK7-Y with contact

area of 4.91x10™ cm” at (a) 4 KHz, (b) 10 KHz, and (c) 20 KHz.
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Figure 6.9 Switching signal responses of diode SK7-C with contact

area of 4.45x10” cm” at (a) 4 KHz, (b) 10 KHz, and (c) 20 KHz.
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For the switching waveform of sample SK7-C in Figure 6.10, the oscilloscope
input resistance and capacitance were 1 MQ and 14 pF respectively. The 10 KQ load
resistance was used in the measurement. The values of RIN and CIN within the range of
test frequency are again calculated to be 9.901 KQ and 197 pF respectively. The dc
current-voltage measurements on the diode (with an area of 4.91x10? cm?) indicated a
bulk resistance RB value of 17.95 KQ. The parameters IS = 48 nA, N = 4.47, IK = 400
nA, ISR = 351 pA and NR = 19.98 were also obtained from the dc current-voltage
experiment. Although, there was some discrepancy between experimental and SPICE dc
results (see Figure 4.21), when the values of VI = 1.8 V, TT < 1 ps, CB = 270 pF and
CJO = 177 pF were used in the SPICE switching signal simulation, a good fit to the
measured data was obtained within 1 — 20 KHz frequency range as shown in Figure 6.10.

The values of above parameters are then used as a basis for SPICE simulation on
area scaling effect on large switching signal responses of diamond Schottky diode.
Assume that we decrease the diode area by factor of 100. For smaller diode areas, the
values of N, NR, VJ and TT are assumed unchanged. For smaller area diode, values of
IS, IK, ISR, CJO and CB are reduced by factor of. The values of RB are also increased by
factor of 100 for small area diode. The simulation results of the diode responses under 4

KHz and 20 KHz are shown in Figure 6.11 and 6.12.
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Figure 6.10  Switching responses of sample SK7-C with contact area of 4.45x107
cm? at (a) 1 KHz, (b) 4 KHz, (c¢) 10 KHz, and (d) 20 KHz. Thick solid lines represent

experimental results. Thin lines with circle marks represent SPICE simulation results.
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Figure 6.11 SPICE simulation results at 4 KHz based on the
propertfes of diode SK7-C when diode areas are (a) 4.45x10* cm?, and

(b) 4.45x10 cm>.
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Figure 6.12  SPICE simulation results at 10 KHz of diode SK7 with

diode area of (a) 4.45x10™* cm?, and (b) 4.45x10” cm”.
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The results of SPICE analysis in Figure 6.11 and 6.12 verify that changing the
diode bulk resistance by scaling the diode area do not significantly improve the speed
response of the diode. The results of plot (a) and (b) in both Figures 6.11 and 6.12 are
very similar in term of frequencies limitation even thought the area of diode in plot (b) is
100 times larger than that of plot (a).

The experimental and SPICE simulation results on area scaling suggest that speed
response of the diode is limited by RC time constant consideration, where R decreases
with area and C increases with area. Considering the bulk material, RB = pL./A and CB =
€A/L such that the RC time constant is pg, the dielectric time constant. Here, all of the
parameters have usual meanings; p is the resistivity, and € is the dielectric constant of the
diamond material. This dielectric time constant can only be reduced by reducing p, i.e. by
doping the diamond. The next section of this chapter will explore the possibility of
improving the rectification frequency limit or “speed” of the diamond Schottky diode by

means of doping.
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6.7 Anticipated doping effects on the switching performance

The effect of doping on diode frequency response was not studied experimentally.
However, as described in this section, simulation studies were used to assess potential
improvements in diode switching response that could be achieved by doping. Such
doping should ideally be only in the bulk part of the device, since it is desired to keep the
space charge layer unchanged. If the entire film were doped, than the space charge layer
would become thinner, increasing the junction capacitance and eventually also the
leakage current due to tunneling. The best diamond Schottky diodes reported so far were
achieved by multi-layer growth of CVD diamond thin film [16][59][124].

Considering the simulation model for the diode, there are two potential benefits
for doping the bulk portion of the film. One is that for a given film thickness, Rg would
be reduced. Another is that by increasing the film thickness, Cp could be reduced for a
given Rg. This section explores the two possibilities. In both cases, it is assumed that the
bulk portion of the film has been doped such that the resistivity is decreased by two
orders of magnitude. In the first case, the bulk portion of the film is increased in thickness
such that Rg is the same as for the undoped case, but Cg is reduced essentially by a factor
of 100. In the second case, the film thickness is kept the same such that Rg is reduced by
two orders of magnitude, but Cg remains the same.

For this study, we ran SPICE simulation based on properties of sample SK7-C
with a contact area of 4.45x102 c¢cm?. From section 6.6, the best-fit values for each
parameter are then the following; IS = 48 nA, N = 4.47, IK = 400 nA, ISR =351 pA, NR

= 19.98, RB = 1795 KQ, V] = 1.8 V, CB = 270 pF and CJO = 177 pF. Figure 6.13
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shows the SPICE simulation response of SK7-C to a 10-Vpp 20-KHz signal while using
TT =1 ps and the load resistance of 10 KQ.

Now, assume that we dope the bulk portion of the diode such that the resistivity is
decreased by two orders of magnitude but we also increased in thickness of the bulk part
by two orders. Let us call this sample - hypothetical diode-A. For this diode-A, the value
of RB is still maintained at 17.95 KQ, while CB is reduced essentially by a factor of 100
to 2.70 pF. Also, the values of all other parameters are still the same as in previous
paragraph. The response of such diode to a 10-Vpp 20-KHz signal is shown in Figure

6.14(a).

Volt
o

0.-(‘)‘0003 0.00006 0.00009 0.00012 0.00015
Time (sec)
Figure 6.13 A SPICE simulation result of diode SK7-C with a diode area
of 4.45x10"2 cm®. The input signal for the simulation is a 10-Vpp 20-KHz
sinusoidal waveform. The 1-MQ /14-pF oscilloscope is in parallel with 10

KQ load resistance.
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Next, suppose we fabricate another diode, hypothetical diode-B, without changing
thickness of bulk portion of the diode. In this second case, the value of RB would reduce
to 179.5 Q while the value of CB would maintain at 270 pF. The 179.5 Q bulk resistance
in our diode would correspond to a resistivity in order of 10* Q-cm, which is very
achievable in doped CVD diamond. The lowest resistivity for doped diamond reported so
far is between 102 =10 Q-cm [12] [49] [95]. The response of the second diode to the
same 10-Vpp 20-KHz signal is shown in Figure 6.14(b).

It is shown by the simulation in Figure 6.14(a) that reducing CB while
maintaining RB (diode-A) does not significantly change the speed response of the diode.
In fact, the response in Figure 6.14(a) is similar to the response of the undoped diamond
film SK7-C in Figure 6.13. On the other hand, the response of diode-B in Figure 6.14(b)
shows both amplitude and speed improvement over that of undoped diode SK7-C.
Therefore, the potential advantages of doping are primarily in reducing RB not CB.

As noted earlier, diode SK7-C showed good rectification up until 4 KHz but does
not at higher frequencies. Figures 6.15 and 6.16 show how the doped diode-B response
to higher frequency signals, compared to SK7-C. In order to see the performance
advantage more clearly, the load resistances in Figure 6.15 and 6.16 were reduced to 50
Q. This mainly to reduce the time constant associated with the measuring setup (Ris-Cin,

see section 6.2).

167



Volt
o

4
0.00003 0.00006 0.00009 0.00012 0.00015

Time (sec)
()
10
5
S o
-5

-10
0.00003 0.00006 0.00009 0.00012 0.00015

Time (sec)

(b)
Figure 6.14  SPICE simulation results of two hypothetical diodes based on
properties of SK7-C but with the difference in (a) CB = 1/100 of that of SK7-

C, and (b) RB = 1/100 of that of SK7-C .The input signal for the simulation is

a 10-Vpp 20-KHz sine wave. The load resistance RL is 10 KQ.
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Figure 6.15  SPICE simulation results of (a) SK7-C, and (b) a hypothetical
doped diode with RB = 1/100 of that of SK7-C.The input signal for the

simulation is a 10-Vpp 200-KHz sine wave. The load resistance RL is 50 Q.
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Figure 6.16  SPICE simulation results of (a) SK7-C, and (b) a hypothetical
doped diode with RB = 1/100 of that of SK7-C.The input signal for the

simulation is a 10-Vpp 500-KHz sine wave. The load resistance RL is 50 Q.
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Figures 6.15 and 6.16 show the responses of diode SK7-C and diode-B to the 10-
Vpp 200-KHz and the 10-Vpp 500-KHz sine wave, respectively. With load resistance of
50 Q in both cases, the value of Ri;, and C;, were found to be 49.99 Qand 92 pF,
respectively. Also, the diode parameters in the simulations were set at IS = 48 nA, N =
4.47,1K =400 nA, ISR =351 pA,NR=1998, VI =18 V, TT =1 ps, CB = 270 pF and
CJO = 177 pF. However, the value of RB was 17.95 KQ for diode SK7-C and 179.5 for
diode-B.

In Figure 6.15(a), diode SK7-C does not show good rectification performance to
the 200 KHz signal. Compare to SK7-C, diode-B in Figure 6.15(b) shows significant
improvement in the signal rectification. Similar result is found as shown in Figure 6.16
for 500 MHz input signal. At several MHz, however, even the doped diode—B does not
rectify well. Further simulation showed that this is the case even if the doping is reduced
further. The reason for this is that the switching speed is now substantially effected by R;,
and C;, of the measurement circuit, also, the relatively large junction capacitance
associated with these diodes becomes an issue. For higher speeds a low resistance, low
capacitance measurement circuit combined with small area diode would be desired.

In summary, the speed limitation of diamond Schottky barrier diodes in this study
is the result of high bulk resistance of the undoped diamond film. As shown by the
simulation in this study, doping the diamond film and constructing diodes with a lower

RB would significantly improve the switching performance or “speed” of the diode.
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CHAPTER 7

Summary and future work

This chapter summarizes the results of the research work which is described in the
earlier chapters, and discusses related research issues which need to be further
investigated

In this research, ohmic and rectifying contacts, and consequently Schottky barrier
diodes, were successfully formed on undoped polycrystalline CVD diamond films
deposited by microwave plasma-assisted deposition. It was found that increasing the CH,4
concentration in the diamond film growth process does not reduce the resistance of the
diode beyond a CH4 concentration of 2.5 - 4 %. The results of dc current-voltage
measurements are well modeled by SPICE analysis. The diode parameters extracted from
the dc analysis were used in the frequency-related part of the research.

The small signal responses in term of capacitance and resistance of diamond
Schottky barrier diodes were investigated in the frequency range from 100 Hz to 1 MHz
at various voltages under both forward and reverse biases. The capacitance and resistance
results were modeled over the above frequency range by three types of equivalent circuits
model. The frequency-independent elements from simple geometric considerations were
developed as the first model. The contact resistance, although small enough to produce a

negligible voltage drop under dc or large switching signal measurements and claimed to
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have marked effect under small signal measurement by few authors, was included into
the second model. The third model accommodated the effect of deep trap states as a
series combination of frequency-dependent capacitance and resistance into the simple
model.

It was demonstrated by model simulations that the frequency dependent properties
of diamond Schottky barrier diode under small signal measurement, beyond those
expected as a result of the samples geometric consideration, can be associated with
contact effects and/or deep trap states inside the diamond. Although the responses could
possibly be the combination of both effects, at this time, the results indicated that the
response is an effect of trap states in diamond.

Recent work by Liu [114][129] indicates an effect of surface states in boron-
doped CVD diamond Schottky diodes on the C-V results. They suggest that Glover [19]
overlooked the effect of these surface states which gives a very strong influence at low ac
frequency. Although diamond samples in this study are not doped, it is a good idea to
give some attention to the effect of surface states and possibly incorporate into the diode
model.

The results from the large switching response measurements in this study are
believed to be the first large signal data reported on polycrystalline CVD diamond
Schottky barrier diode. The responses of diamond Schottky barrier diodes to the test
frequency range up to 20 KHz are reported and well fitted to the SPICE model analysis.
The experimental and SPICE analysis suggest that speed response of the diamond
Schottky barrier diode is primarily limited by the large bulk resistance of the diode. The

reduction of bilk resistance of the diode by changing the contact area in order to improve
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speed response of the diode proved to be unsuccessful. The results shown by the
simulation in this study indicate that doping the diamond film and constructing diodes
with a lower Rg would significantly improve the speed responses of the diode.

The next logical step would be to experimentally test diamond diodes fabricated
on doped diamond films. However, an undoped diamond layer is crucial to high-quality
diamond Schottky barrier diode [130] apparently because a doped diamond layer has
sufficient defects to reduce the space charge layer to the point where tunneling
contributions are non-negligible. The solution may be to grow a base layer of low
resistivity doped diamond, followed by undoped diamond, possibly in a quarter of a
micron thickness range. Such work would ideally be coupled with SIMS (secondary ion

mass spectroscopy) analysis to document the dopant profile in the diamond films.
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