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ABSTRACT

The photovoltage produced by a Schottky barrier
photocell shows a strong tempe;aturé dependence if the
barrier is not too large. We géve used this temperature
‘dependence to obtain the barriet height for several III-V
semiconductor-Au, Ag combinations. The results suggest
that a simple Fermi level difference model is most
appropriate for many of these small barrier III-V photo-
cells. This appears to be the case, even if the Fermi
level difference leads to a barrier greater than the

energy gap of the semiconductor.



INTRODUCTION

Many investigations of the Schottky barrier size
have been carried out in recent years. This information
is of importance because of the many applications which
use the barrier, most notably thosé involving photovoltage
production. Unfortunately, the reéults from differeént
measuring techniques do not always agree as well as one
might like. While most of the barrier heights have been
obtained using C-V and I-V measurements, these do not
provide very good results when the barrier is small. On
the other hand, Fortin et al.[l] and later Roth et al.
[2,3] showed that the Schottky barrier height could be
determined quite well when the barrier was small if the
temperature dependence of the photovoltage was known.
This thesis reports on additional measurements where the
temperature dependence of the photovoltage is used to
obtain the Schottky barrier prodiuced at the interface
between gold or silver and several of the III-V semicon-
ductor groups. While many of these barriers have been
determined before, some of the results are new. It will
be seen that the method is very useful for the case of

small barriers in particular.

The thesis begins with a brief review of the models

for barrier formation and then develops an expression for



the temperature dependent photovoltage produced by

a Schottky barrier exposed to white light. The experi-
mental method is then discussed, follOwea by the results
for several types of photocells. The concluding sections
describe some of the advantages and pitfalls of thne

present method and the results are finally tabulated.



CHAPTER I - THEORETICAL CONSIDERATIONS

1.1 MODELS OF BARRIER FORMATION

When materials with different Fermi levels are
brought into contact along an interface layer, ‘chHarges
are transferred from the material with the higher Fermi
energy level to that with the lower. This results in
the alignment of the Fermi levels at the same energy.
The charge layers produced at the interface during Fermi
level realignment create an electric field in the inter-
face volume which results in a depletion region. The
internal electric field in the depletion region separates
mobile charges of opposite sign if they happen to be
created there. The argument applies equally well to p-n

junctions and Schottky barrier junctions.

Thus a Schottky barrier junction is formed when a
metal is brought into contact with a semiconductor. In
the samples investigated here, the metal is evaporated
onto the semiconductor. This barrier inhibits the free

movement of charge across the interface.

Various assumptions are used in trying to explain
the measured barriers produced at p-n and Schottky barriers.

Some of these will now be discussed.



1. Schottky Barrier as ¢m - XgiT

If a metal of work function O is brought into
contact with a semiconductor of electron affinity Xg and
energy gap Eg, according to Heinsch [4], the barrier

formed is

between the metal and an n-type semiconductor. For the

p-type case, the barrier he predicts is

Thus, he predicts a barrier which would be the
difference between the Fermi level positions if the semi-

conductor is extrinsic.

2. Surface States Dominated Barrier Production:-

If the Fermi level at the interface is pinned by
surface state effects, the barrier for an n-type semi-

conductor may be given as [2,5]

where ¢0 is the Fermi level at the interface measured from



the top of the bent valence band. This always predicts

a barrier which is less than_Eg.

However, proof that these surface states exist
and are responsible for the barrier size is difficult to

9

obtain.

3. Absolute Fermi lLevel Difference:~

Perhaps the simplest and most straightfoward
assumption one can make is that the barrier should be
determined by a difference in the positions of the
Fermi levels for the bulk materials [6]. This is very
close to the prediction of method 1 but would differ
when the semiconductor is intrinsic and its Fermi level

is close to the centre of the energy gap.

The types of barriers which must be considered
fall into a further classification of two types. Those
with the metal work function lying in the semiconductor
energy gap and those with it in the semiconductor's con-
duction or valence band. Many authors have assumed that
an ohmic contact would result for the latter case.
Assumption 2 above is usually invoked for dealing with

this situation.

Fig. 1 illustrates the barriers formed between a
metal and an n or p-type semiconductor when S lies inside

the energy gap of the semiconductor.
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Fig. 1b) Metal contact to a pr-type semiconductor
with oy < ¢s.
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Barrier heights predicted by various models and
the uncertainties in the measured values of metal work
functions and semiconductor electron affinities, are
often of the same magnitude. This makes it difficult to
impossible to select the appropriate model in many cases.
Thus any method which can add new insight into the process

of barrier formation is important.

1.2 MEASUREMENT OF SCHOTTKY BARRIER HEIGHTS

There are several methods for measuring the Schottky
barrier height [7.8]. Some of the more important methods

will now be discussed.

(a) -I-V measurements

Using conventional diode theory (discussed further
in section 2.3), one obtains [9] for the current density

)

crossing a barrier ¢b in the presence of a biasing voltage V

J=J e e (1.2.1)

-0

=6, /KT [ gV/KT ]
-1

where J_ is equal to 120T? Amp/cm? [10], K is Boltzmann's
constant, ¢b is the barrier, and T is the temperature in
Kelvin degrees. The author claims that at room temperature
the current density is 1 amp/cm? for ¢b—qV approximately

equal to 0.3 eV. Thus it is possible to estimate N
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FIG. 2. MEASUREMENTS OF SCHOTTKY BARRIER HEIGHTS
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Fig. 2c) Capacitance-voltage
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Fig. 2b) Activation energy plot
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conductor contact.
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Fig. 2d) Sqgquare root of long
wavelength photoemission data

showing extrapolation to obtain
barrier energy.
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directly from the I-V curve as shown in Fig. 2a.
Alternately, the thermal activétion energy ¢, -qV can
be determined from the slope of log J vs. 1/T as in

Fig. 2b.

(b) Capacitance-voltage measurements

When a d.c. bias is placed across the junction
the depletion layer is widened. Charge of one sign is
placed on the metal surface at the junction interface
while charge of the opposite sign is induced on the semi-
conductor. The capacitance of the junction may be repre-

sented by the equation [9]

_ﬁqNOEO.S

Cc = (1.2.2)

2(Vd~V)

To measure this capacitance, a small a.c. voltage
can be impressed on the d.c. bias. If 1/C? is plotted vs.
the reverse bias -V to get the diffusion potential Vd at
the intercept, the barrier height can be determined

indirectly from the slope as in Fig. 2c.

(c) Photoemission measurements

Photoemission of electrons in the metal over the
barrier provides another method of determining the barrier

height. The dependence of the photocurrent I on the
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barrier is predicted to be (hv - ¢b)? [9]. If the
square root of the photocurrent response is plotted
vs. the photon energy, a straight line should result

whose intercept is the barrier height ¢4

1.3 THEORY OF PHOTOVOLTAGE PRODUCTION

When the Schottky barrier is illuminated by white
light some of the incoming photons with energy greater
than the semiconductor gap energy will be absorbed in
the depletion region where they will create electron-
hole pairs. The carriers will move in opposite directions
under the influence of the "built-in" electric field and
the resulting charge separation produces a potential
difference across the junction. This potential difference
(V) biases the junction in the forward direction if one

uses conventional diode equation concepts.

Recall that the diode equation [9,11]
I = Io(qu/KT -1 (1.3.1)

yields the current I under the action of an electrical bias
voltage V. I is the thermal reverse saturation current,
K is Boltzmann's constant and T is the absolute temperature.

In the photovoltaic case, light generates additional carriers
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in the junction. Because of the band curvature in the
junction region as depicted in Fig. 1 mobile carriers
move preferentially in one direction (oppositely for
opposite carrier types). This results in the forward
biasing of the junction. In addition, some of the
carriers recombine before they can be swept away by the
built-in field. Under short-circuit load conditions, the
current reaching the load will be proportional to this
net generation rate of carriers G. The short-circuit

current [12] can thus be given as

I_ = Aq(L_ + L,)G (1.3.2)

where A is the area of the junction, Le~and L, are the
electron and hole diffusion lengths and G is the net

carrier generation rate.

1.4 DIODE EQUATION DEVELOPMENT

When the metal and semiconductor are placed in
electrical contact their fermi levels must align when

equilibrium is established.

If an external potential is applied between the

metal and an n-type semiconductor with positive connection
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to the semiconductor, the barrier is increased to ¢b+ qV
where V is the applied potential as in Fig. 3. Since the
barrier height is increased by gV (with respect to vacuum),
fewer electrons can flow from the Seﬁiconductor to the
metal. The barrier height of the metal is unchanged so
the current from the metal to the semiconductor is the
same. There is a net current flow from the metal to the

semiconductor.

When the polarity of the external voltage 1is reversed,
the barrier height is reduced ;nd the current from the semi-
conductor is increased. Thus there is a net current flow
from the semiconductor to the metal. Since the current
from the metal is unaffected by the external potential,
variation in the current depends on the contribution flowing
from the semiconductor. When the current is reduced, the
contact is said to be reverse biased and when it is increased

it is forward biased.

The current flowing from the metal is determined by
the thermionic emission of electrons across the barrier.
The current density is [13,14]

j(m to s) = AOT2 e (1.4.1)
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METAL SEMICONDUCTOR

dea
Zero Bias °* : [

e
Reversed Bias B=D-d,
*
T
Forward Bias P=D~-P,
\J

FIG. 3. Change in height of the space-charge barrier
with polarity of the applied potential at a
metal-semicotductor junction for an n-type

crystal.
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Similarly, the current fldwing from the semi-

conductor is

(—¢b+qV)/KT
j(s tom) = AOT2 (1.4.2)

where V is the applied potential and AO is the Richardson-

Dushman constant.

The dark current J£ is given by [9,11]

Jz = j(s tom) - j(m to s)

—(¢b—qV)/KT —¢b/KT
= A T2?¢e - A T?2 e
(@) @]
= Jo(qu/KT - 1) (1.4.3)
- ¢, /KT

J - Jo(qu/KT - 1) (1.4.4)
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where JS is the short circuit current density.

When light shines on a juncéion, electron-hole
pairs are created if photons with enough energy are
absorbed. Separation of these carriers by the field
region results in a forward biasing of the junction.
Under no load conditions (J = 0) this voltage should be
given by the same expression as would be used for an

electrically forward biased junction. That is,

<
I

(KT/q)ﬁn[l + Js/Jo]

ocC

$,, /KT ]

(KT/q)ln[l + (C*/T2)e (1.4.5)

*
where C = JSJ/AO.

* ¢b/KT
At low temperatures (C /T?)e is much greater
than 1, the open circuit voltage can then be approximated

as

*
— 2
V.o = (KT/q@)n(C /T?) + ¢_/q (1.4.6)

Applying L'Hospital's Rule to the first term as T

goes to zero, we find
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Lim (K/q) J&n(,c*/Tz)/ (7™ 1)
T-0

= 2KT/q.

Thus, as T tends to zero, one expects from the

above to find

Voe = 2KT/a + ¢p/q = ¢, /q.
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CHAPTER II - EXPERIMENTAL

2.1 SAMPLE PREPARATION

Samples were cut from single crystal material
using a continuous loop wire saw and a silicon carbide
in o0il slurry. The samples were approximately 1x3x5 mm3.
Cleaning at the various stages was accomplished using
trichloroethylene and/or ethanol. The front surfaces
were polished using 600 grit compéund and oil. After
cleaning the samples were etch polished in a fume hood,
using a 5% solution of bromine in methanol. The resulting

surface was very smooth and shiny.

A metal with a high diffusion coefficient was
selected [15,16] for evaporation onto the back surface
of each sampie to make an ohmic contact. Indium was used
for contacting indium antimonide and gallium antimonide,
while tin and gold both proved successful in contacting
gallium arsenide. During all evaporations, a movable
baffle blocked early stage evaporation to prevent volatile

impurities from contaminating the sample.

To produce the ohmic semiconductor contact, the
samples were either heated in a Micro-Bar miniature furnace

through which Argon gas was slowly streamed, or in a Lind-



-19-

berg heavy-duty furnace under vacuum inside a pumped
quartz tube. The Micro-Bar furance could reach tempera-
tures of.approximateiy 400°C while the Lindberg furnace
was capabie of much higher temperaﬁures. The InSb samples
were heated to about 200°C invthe Micro-Bar furnace for
five minutes. The diffusion process could be observed
visually as temperature was raised. Diffusion into the
GaAs and GaSb had to be carried out at 750°C and 600°C
respectively, so the Lindberg furnace was employed.
Diffusion heating lasted approximately 20 minutes for

these samples.

After the diffusion process, each sample was again
etch polished. Gold or silver was evaporated onto the
front surface as a semi~transparent layer in a vacuum of
roughly 1076 torr for barrier formation. Gold appeared
to be bluish-green at the thickness used. Platinum wire of
1 mil thickness and silver paste were used to contact the
sample on both front and back. The sample was then mounted
onto the sample holder of the cryostat and thermally bonded

using high thermal conductivity grease.

2.2 EXPERIMENTAL APPARATUS

Fig. 4 presents a schematic drawing of the experi-

mental equipment. The cryogenic refrigerator was an Air
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Products model Displex 208W two-staged, closed-cycle

helium refrigerator. It is capable of 30 watts cooling
power at 80°K, 10 watts cooling power at 20°K and a low
temperature limit of approximately 7°K. When in the use

the refrigerator provides two séparate stages of adiabatic
expansion with the second expansion occurring at the lowest
temperature in the system for any particular operating
point. Enclosing these expansion stages in high vacuum
allowed the system to cool. The temperature of the sample
was measured using an NBS calibrated GaAs diode thermometer.

Temperature was accurate to within 0.5°9K.

White light was chopped énd focused through sapphire
windows onto the sample. A calibrated proportional beam
splitter could be inserted into this beam to reduce the
light intensity if needed. Output photovoltage from the
sample could be monitored on an oscilloscope. The oscillo-
scope was used for general setup and beam alignment. It
provided a useful means of observing the signal wave shape
and hence could be used to detect the presence of unacceptable
time constants due to poor sample contacting or lead detach-
ment. The actual recorded signal levels were determined,

however, using an Ithaco 393 lock-in detector.
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2.3 EQUIVALENT CIRCUIT ANALYSIS

The Norton equivalent circuit of a metal semi-
conductor photovoltéic cell is illustrated in Fig. 5.
Following the usual procedure [17-19] the maximum photo-
current is represented by IS and the barrier introduces
a nonlinear impedance Z. The shunt resistance Ry can be
caused by ohmic shorts through the barrier or by conduction
through the interface along dislocations or grain boundaries.
Series resistance RS arises in the metal film resistance
and in the semiconductor bulk resistance. To prevent
loading of the sample photovoltage, the detector input
resistance must always be several orders of magnitude
greater than the source impedance of the sample. This
turned out to be a significant problem when dealing with
wide gap semiconductors, particularly at low temperature.
As described earlier, the temperature dependence of the
photovoltage can be obtained from the expression for the

current.

I =1 - AOTZe (2.3.1)

S

-¢b/KT[ qV/KT ]
e - 1

The open circuit voltage, Voc’ is obtained by solving

the above for V when I is set to zero.
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FIG. 5.

Equivalent circuit of metal-semiconductor

photovoltaic cell.

IS represents the illumination current,
Z the barrier's nonlinear impedance,

Ry,

responsible for leakages, RS is the

a shunt resistance in the barrier

resistance of the cell bulk, Rl the

external load resistance and VOc the

measured photovoltage.
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IS e
VOc = (KT/g)Zn |1 + (2.3.2)

The thermal current from the semiconductor is propor-

tional to e-Eg/KT

where Eg is the energy gap and the open
circuit voltage decreases exponentially with an increase in
temperature due to an increase in the dark current (1.4.3).
Thus, Vpv is relatively large in large gap semiconductors

at room temperature and conversely it tends to be small in

a small-gap semiconductor.

The shunt resistance Rb is much greater than Z for
high temperatures so that the éurrent V/Rb passing through
Rb is a small fraction of Is and can be ignored. When
this current becomes a significant factor, as it may at
low temperature due to the exponential increase in Z with
cooling, the open circuit voltage equation is no longer
valid and must be modified. This can be done by adding a

term V/Rb to the current expression (2.3.1) to account for

this leakage effect.

, ~¢, /KT | QV/KT
I=I-ATe e -1|- V/Ry

(2.3.3)
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If the photovoltage is now obtained when I = 0, one has
i ' = =
(after noting that C IS/Ao and D AoRb)

‘%/KT[

qV/KT '
e -1

| - 2
c V /P =T e (2.3.4)
as the fit equation under these conditions. To obtain the

open-circuit photovoltage predicted by this expression one

can solve using iteration techniques.

2.4 EXPERIMENTAL PROCEDURE

The temperature dependence of the photovoltage was
obtained over the room temperature to 8°K range. As was
already described, chopped light and lock-in techniques
were employed. In some of the GaAs samples the a.c. measure=
ments taken using the lock-in detector tended to decrease
at low temperature. This was accompanied by a change in
signal wave shape from that of a square wave to one consist-
ing of rising and falling RC voltages. This was attributed
to the increasing sample resistivity, and was avoided by
switching to d.c. measurements. Fig. 6 illustrates the
%igh and low temperature wave shapes and the different

temperature-voltage curves obtained using a.c. and d.c.

measurements.
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' Vmax

Vi 0

Fig. 6a) Waveform observed without RC effect.

/ mex effective
amplitude

V=0 [}

Fig. 6b) Waveform observed with RC effect.

Log photovoltage

temperature

Fig. 6c) Photovoltage vs. temperature obtained from the d.c.
and reduced a.c. measurements.

FIG. 6. PHOTOVOLTAGE OBTAINED WITH AND WITHOUT RC
EFFECT IN BOTH THE d.c. AND a.c. MEASUREMENTS
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The input impedence of a detector (oscilloscope,
lock-in detector, etc.) may load the sample particularly
at low temperature when the semiconductor resistivity
is highest. This phenomenon was often observed when
using the oscilloscope as a monitor device since its
input impedance was only about 1 meg. The lock-in
detector, on the other hand, had a much higher input
impedance (1000 megs.) and thergfore recorded the full
signal strength provided time constant effects did not
occur as outlined above. Experiments to test the effect
of an even higher input impedance were attempted using a
FET op-amp configured as a very high input impedance
(greater than 10!% ohms) preamp. The results, however,
were not an improvement beyond those of the lock-in itself.
In fact, this preamp had to be abandoned because, with
such a high input impedance, sample charging began to occur
due to photoemission of electrons from the sample, and an

offset of up to 1.5 volts could be developed.

The photovoltages were usually recorded during both
cooling and warming runs. Because of the refrigerator's
thermal time constant characteristics, it was easier to
obtain accurate data during a slow warming run. Thus,
most of the results presented in this thesis are for

warming runs.
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CHAPTER III - RESULTS AND DISCﬁSSION

3.1 GENERAL

The barrier values were obtained primarily using
eq. (2.3.2) which appeared to fit experiment well for
the higher temperature limit of each curve. The computer
graphic plot routine is listed in the Appendix. To illus-
trate the general behaviour predicted by this expression,
Fig. 7 shows the equation plotted for a range of ¢b values

with the constant C' held fixed at one for convenience.

The term Zn(l+x) comprises the major temperature
dependent portion of the fit and can be thought of as having
high and low temperature limits depending on the relative
size of x. The higher temperature limit has x << 1 so the
approximation becomes x which is exponential in T. At low
temperature we eventually find x >1 and the approximation
changes to £n x which is slowly varying_with temperature.
Samples whose results require a large ¢b and/or large C'
will behave as though they are in the low temperature limit,
even at room temperature whilé éﬁall values of oy lead to
exponential variation with temperature, i.e., conform to
the high temperature limit. Examples of the former will
include GaAs and GaSb photocells while the various InSb

samples will be examples of the latter case.
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Figure 8 shows the general dependence of the
curves on variation in C' for a fixed value of op
In the results which follow, adjustments to these two
parameters ¢band C', were all that was used for fitting
the "high temperature" portions of the curves. The
experimental photovoltages generally fell below the
predicted values at low temperature. Possible reasons

for this will be investigated in section 3.3.

The reported values of the work function for gold
(Au) and silver (Ag) are quite widely spread [20,21].
The ranges are listed in Table 1. The measured electron
affinities for the semiconductors studied are also shown.
These are more narrowly defined and have an average un-

certainty of about 0.05 eV.

TABLE 1

WORK FUNCTIONS AND ELECTRON AFFINITIES

¢m(eV) Xs(éV)' Value used (eV)
Au 4,7 - 5.2 4.80
Ag 4.2 - 4.4 4.30
InSb 4.59 4.60
GaAs 4.07 4.07

GaSb 4.06 4.06
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The general dependence of the curves on variation
in C¢' for a fixed value of ¢, as predicted by

equation (2.3.2).



-32-

3.2 EXPERIMENTAL RESULTS

(1) n-InSb:Ag

Figure 9 shows experimental results and the theo-
retical fit for one of the three samples tested. Taking
oy = 4-30 eV as the best choice for the work function
for silver, and noting that at high temperature (intrinsic
limit) the work function for InSb should be approximately
equal to the electron affinity Xs = 4.60 eV, a barrier

calculated from Fermi level differences would be

b |Qm - 0

= (4.60 - 4.30)eV = 0.30 eV.

This is in good agreement with the best fit value
of 0.29 eV. It is also interesting to note that %% is
almost twice the energy gap Eg.

(2) p-InSb:Ag

Figures 10 and 1l show experiment and theory for
two different samples. There are sevefal points of interest
in the results for this combination. First of all, at
high temperature the results are similar to those for the

n-type sample. Since both are intrinsic above about 150°K,
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their behaviour is apparently identical. The fact that
the same barrier resuits in these cases can only be
explained by assuming that the barrier is dependent on

a difference in the positions of the Fermi levels in

the metal and semiconductor. The Fermi level for the
InSb is close to the conduction band when it is intrinsic
because of the large effective mass ratio for holes to

electrons. Taking E Xs ~ 4.60 eV and S = 4.30 eV

f’rl‘}
gives a difference of 0.30 eV which is very close to the
best fit value. Since the barrier is greater than the
energy gap Eg, the surface states model or any other which

gives the barrier as some fraction of the gap Eg is

effectively ruled out.

A second point of interest is the reduction in the
photovoltage as the material begins to turn extrinsic near
150°K. As the Fermi level in the semiconductor falls towards
the valence band, the barrier height should increase if one
uses a simple Fermi level difference argument. However, at
the same time the dominant carrier type is also changing
as is evident from the phase change of almost 180 degrees
in the photovoltage. Thus an effect somewhat similar to
the Hall process must be present where the photovoltage
is determined by a difference in products upp and H D and not

just the n/p ratio. Because the change in phase is spread



out over different temperature ranges in the two samples,
one concludes that different carrier mobilities associated
with different metal film depositions on the two samples,
are playing a role in reversiﬁg the sign of the photo-

voltage.

Some authors [20,22] would argue that this system
should be ohmic because dm lies higher in energy than og
and there are empty semiconduction band states available
to the metal electrons. Clearly this does not appear to
matter and a barrier is apparently formed because of the

charge transfer which occurs when the Fermi levels align.

3. n-InSb:Au

Figure 12 shows the experimental data and best fit
curve at both high and low temperature. Taking the work
function of Au as 4.80 eV and that of intrinsic InSb as

4.60 eV, the barrier height N should be given by (since

q)S = XS)

by = b = ¢

0.20 ev

I

At high temperature, eq. (2.3.2) was used for the fit.

The best fit for the barrier height is obtained as 0.178 eV
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and the constant C' = 3.7x10”°. The photovoltage does not
limit to ¢b/q at absolute zero. If the low temperature
region is assumed to have a leakage loss, eq. (2.3.4) can
be used. When this was done, the same barrier and C' value
are retained but D was found to be 351.4. The barrier
height obtained from C-V analysis is found to be about

0.17 eV in good agreement with the present result.

(4) p-InSb:Au

In this sample no significant photosignal was
observable until the temperature was lowered to about 180°K
as illustrated in Fig. 13. Thus as the signal is increasing,
the semiconductor is entering the extrinsic phase. This
should lead to the semiconductor Fermi energy being approxi-
mately Xs + Eg or about 4.78 eV. Since this is also the
approximate size of the gold work function, one, expects a

very small barrier. The best fit value of 0.059 eV supports

this prediction.

(5) n-GaAs:Au

Figure 14 shows the best fit results are obtained
when op = 0.73 eV and the value of C' = 0.0044. Again taking

¢y 2S 4.80 eV for gold and oo as the n-type extrinsic value
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of approximately XS = 4.07 eV for GaAs, one expects ¢b
of about 0.73 eV. This value is fortuitously close to
that measured. Note earlier experimental values of about

0.9 eV have been claimed.

For the GaAs samples in particular, we noted a
tendency to long time-constants and hence a slow rise and
fall in the photosignal as the light was chopped. This is
undoubtedly due to its large gap and hence high sample
resistivity. To make sure the total signal swing was being
measured, we had to slow down the chopper rate and/or resort

to a d.c. measurement of the photosignal to obtain the full

amplitude.

(6) n-GaAs:Ag

The best fit results are ¢p = 0.30 ev and C' = 1.4
as shown in Fig. 15. Assuming the value of b = 4.30 eV
and o5 = 4.07 eV the barrier is predicted to be about 0.23 eV.
While lower than observed, the agreement still lies well
within the uncertainty limits on the work function and

electron affinities used.

Both the GaAs and GaSb cells have small thermal
current contributions because of their relatively large

energy gaps. Thus the photocurrent to thermal current ratio
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is large leading to apparent "low temperature limit"

behaviour even at room temperature.

(7) n-GaSb:Ag

Analysis of the result gives a barrier height of
0.225 eV and C' is 3.0 as in Fig. 16. Taking the value
of ¢ = 4.30 eV and ¢_ = 4.06 eV results in a Fermi level

difference barrier height prediction of 0.24 eV.

(8) We also tried to produce photovoltages using n

and p-InAs with Au but obtained only ohmic contacts. This
semiconductor has an unusually large electron affinity

Xs = 5.2 eV which might have something to do with the
result. Alsb, the material was quite low in resistivity
(i.e., high impurity content) which would favour ohmic

contacting. Further studies on InAs will await the arrival

of high purity material.

3.3 LOW TEMPERATURE EFFECTS

It is clear from the fits that eqg. (2.3.2) appears

to give a good method of obtaining a barrier from the high
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temperature portion of each of the curves. The agree-
ment at low temperature while correct in trend, is not

absolute.

The general tendency for the experimental photo-
voltage results to fall below the prediction in eq. (2.3.2)
at low- temperature is not completely understood. Some of
the possible mechanisms which could lead to this behaviour
include (i) shorts through the barrier region, (ii) a
tunnelling contribution to the competing current densities,
(iii) a temperature dependent recombination rate for
optically created carriers and (iv) lateral photovoltage

effects.

From the equivalent circuit analysis, surface
leakage around the junction, along edges or along grain
boundaries, or shorts through the junction itself, would
reduce the signal available for external use. This could
be represented as an equivalent conductance shunting the
photosource. As the sample is cooled, the source impedance
Z increases. When it becomes comparable in magnitude to
the leakage shunt conductance l/Rb, a growing portion of
the total current IS will begin to flow through this
additional path and a reduced photovoltage results. If

this conductance is assumed to be temperature independent,
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at low temperature the photovoltage should become a

constant equal to IS X Rb‘

Padovani et al. [23] and C.R. Crowell et al. [24]
have predicted that tunnelling could lead to a reduced
photovoltage at low temperaturé. We have not tried to

quantify this as there are too many assumptions required.

There is some evidence to suggest that there might
be a temperature dependence to any recombination contri-
bution to the total current densities. Hovel [25] argues
that the total dark current expression in the diode

equation is the sum of the injection current, I, qu/KT

inj
qu/sz_ The high temper-

and a recombination current Irg
ature sum is then dominated by the injection current, while
the recombination current becomes increasingly important

at low temperature. If the latter becomes dominant, the
photovoltage would show a temperature dependence at low
temperature due in part to this effect. Since the measured
low temperature results appear to be mainly shifted, with
no change in temperature dependence from that of eq. (2.3.4)

it does not seem that a temperature dependent recombination

process is operating.

A process called the "lateral photo effect" is

described by Alferov et al. [26]. This effect produces
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a maximum in the photovoltage when the light is shone

on the edge of the photocell instead of the centre. We
observed signal amplitude variation as a function of
light beam positioning in almost all the samples studied
and the amplitude was usually largest when the cell was
partly edge illuminated. When samples were run with
different light beam positioning, the resulting curves
appeared offset by a constant amount on a semilog plot.
Thus, this effect does not change slopes in V vs. T plbts
but does produce absolute shifts which then lead to

disagreement with eq. (2.3.2) at low temperature.

Because of the many processes whiéh can affect the
absolute low temperature voltage, it becomes impossible
to quantify or suggest a single most likely correction term
to be added at low temperature. Nonetheless, the high
temperature region of each curve seems to allow quite
sensitive extraction of a barrier value for all the samples

reported here.
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CHAPTER IV - CONCLUSION

The temperature dependence of the photovoltaic
effect has been used to obtain the Schottky barrier
heights for some of the III-V semiconductors with Au
and Ag. The method appears to be quite sensitive and
works particularly well for barriers below about 0.5 eV.
although the method still works up to about 0.7 eV. The
semiconductors investigated were GaAs, GaSb and InSb
with energy gaps of 1.4 eV, 0.7 eV and 0.18 eV, respec-
tively. The photovoltage produced when light shines on
the cell increases when the ratio of the photocurrent
to the thermal current decreases. Since the thermal
cur;ent‘decreases for large gap semiconductors, these
tena to produce the largest photovoltages even if the
barrier is small. This can be seen clearly from the

experimental results.

Table 2 contains a listing of the barriers obtained
for the various photocells and compares them to previously

obtained values.
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TABLE 2
RESULTS
Photo-
c-v Difference voltage
Semiconductor Metal Experimental in Fermi levels expt.
(ev)[27] (eV) (eV)
n-InSb Au 0.17+0.01 0.20+£0.10 0.178
n-InSb Ag 0.18 0.30+0.10 0.29
p-InSb Ag (1) 0.30£0.10 0.30
p-InSb Ag(2) 0.30+0.10 0.30
p-InSb Au ohmic 0.03x0.10 0.059
n-GaAs Au 0.95+0.03 0.73+0.10 0.73
n—-GaAs Ag 0.93+0.03 0.22+0.10 0.30
n-Gasb Ag 0.24+0.10 0.225

The above results suggest that the barrier height
is reasonably predicted by taking the difference in the Fermi
energy of the metal and semiconductor. The barriers obtained
for both the n and p type InSb with silver samples are larger
than the energy gap of InSb. This result cannot be explained
using a surface states argument or the "two-thirds Eg" rule

{27].



At low temperatures the measured photovoltages$
fall below the value predicted by eq. (2.3.2). This
decreased photosignal is still not understood but may

be due to the effects as outlined in Section 3.3.

The rather large uncertainty assigned to the
difference in Fermi levels in Table 2 is an attempt to
accommodate the variation in reported experimental work
functions. The variation in the values for gold and
silver in particular were much larger than the gquoted
experimental uncertainty by any individual reporting
group. However, the values chosen (and reported in
Table 1) appear to provide a difference which is in very
good agreement with the photovoltage barrier for all

samples investigated.
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APPENDIX

10 REM HERENRE R R R LSRR RN LR R R R E LR R R R R T AR R RF AR A AR R R R R R TR R R RS ¥

20 REM # This Program Calcuiates and Plots Photovoltages for *
3¢ REM any temperature using eq.(1.4.95), Experimental data *
40 REM = is also dispijavyed. *
5C0 REM =+ The Program is writtern in Microsoft RBasic for a North 2
60 REM Star Horizon Computer, The Printer used was an *
F0 REM  * Aradex 9501 graphics unit, August 1982, ¥
B0 REM SR REFAXFXEXHERERRRE R R X LR R FREERRXEREERERRERRREFRRF XA R R XN
90 REM

100 REM §3333 8883333333 333333333333333333833333335333335333385333

110 REM ; This module reads a data file from a disk

120 REM 33333888333 3333 883333383333 3383339 333333333333 433333833
130 REM

140 DIM T<100),V(100) tREM Horiz., and vertical data vectors
150 INPUT "READ EXISTING FILE FROM DISE";NO%

160 IF STRING®(1,NO%$)="N" GOTO 230

170 INPUT "FILE NAME IS ";A$ :REM Irput data from disk file

180 OPEN "I",#1,As

130 IF ECF(1) THEN GOTO 230

200 INPUT#1,R, T(R), V(R)

210 VI(R)=V(F)*2,83/1000

220 PRINT R, T(R),V(R) :R=R+1 :GOTO 190

230 INPUT "INPUT DATA" (NO% tREM Input add. data from Keyvboard?
240 IF BTRING®(1,NO%)="N" GOTO 290

250 INPUT "LOCATION":R

260 INPUT “"TEMP";T(R)

270 INPUT "VOLTS";V(R)

280 GOTO 230

290 R=R-Z

300 REM

- ~ TIWE 2 s = 2 % % % % % % % % %2 % = & % w » = » . H
310 REM 3333333333338 883333333 3838383333333 8333333833338 3333853343
FZ20 REM The character string below is the vertical axis label,

330 FEM 10335333833 333333 8333333333 3333 3333393333333 3333333333133

340 REM
250 DIM TC(100),VC(100),C%(S50), TE(100),VE(100)
60 CH(28 )-"L'-C$( Fy=" “-C$(“6)~ o

70 CH(Zgr="pP" -C$£29\* CICE(22)="0" 10 (21 = T CHE(20r="0"1CH {13 ) ="V
380 CH(18)="0":CH(17T)=" L :CHUIB)="T":CH(15)="A":1CE(14)="CG":1CH{12)="E"
380 REM

400 FEM 333333838333 33833333 3333333333833 8isavdisaassssssessss

410 REM 3 This section calculates theoretica! photovolitages.,

420 REM 5533555333 33333 8333335333333 33333333333 8333333333333

430 REM

440 FOR I=1 TO R:V(I)=LOG(VI(I}) /2,303 :NEXT

450 NO=30 tBEM Find calculated points.

460 INPUT "Const and barrier”;C,E

470 FOR I=1 TO NO tREM Input fit parameters in iine above.
480 TC{I)=1I%10 tREM Lines from NO to El cam be repiaced
430 E1=E/.000086Z/TC{1) tREM and any other function calculated.

500 IF E1:60 THEN 3560

310 IF C*#EXP(E1)»/TC(I)"2{,000001i THEN 3540

520 VO(I)=.000086*TC{I)*LOG(1+C*EXP(E/,000086/TC(I))/TC(I)"2)
530 GOTO 570

540 VC(11=,0000862*%C*¥EXP(E1}/TC(I)

550 GOTC 570
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VC{IY=E+LOG{(C)*,0000862*TC(I1)~-2*%LOC{(TC(I)*,00008&82*TC{1I}
VCLT)=LOG(VC(I)) /2,303 :NEXT

I:vd-..

REM

REM 333383333333 aiiiiisaiiaissiassadssssasasgasssisssssig

REM ; This section sorts for min and max values of V and T.

S R R R A R R S R R R R R R R R R R R R R R R R R R R R A R R R R R R R R R R

REM

T1=Ti1) e TE=T{1)1V1I=V(1):1V2=Vil)

FOR I=2 TO R tREM Find iargest and smaliest T value.
IF V{I)<V1 THEN Vi=V(I)

IF V(I;:V2 THEN V2=V(I)
IF T{1)<T1 THEN Ti1=T(I)
IF T(I)>T2 THEN T2=T(I:

NEXT

FOR I=1 TO NO :REM Find ltargest and smallest V value,
IF TC(I:<{Ti THEN Ti=TC(I)

IF TCLT) T2 THEN TZ2=TC{I)

IF VC(I)<{VI THEN Vi1=VC(I1)

IF VC(I) V2 THEN V2=VI{I)

NEXT I

REM

REM 3333353333539 333338333833333333333333933333333333333383333433

REM 3 Tris section calcuiates horiz. and vert, axis decades

REM 3333333883333 3333883383883 addiasssassssssaissssasssss

REM

A=TZ2-Ti:B=V2-V1 tREM Horizonmtal and vertical range.

FOR N=0 TO S:D=1i0"N tREM Find power of 10 in scales.

IF INT{A/D)=0 THEN GOTO 860

NEXT

Di=D/10 tREM. D! is horiz, factor of 1,10,1CC,..

FOR N=0 TQ 3:D=10"N
IF INT{(E/D)=0 THEN GOTO 3500

NEXT

DZ=D/10 :REM DZ is vertical factor,

REM

REM 5333833333383 33333833333333asaassssaasssassasssagss

REM 3 This section scales the points to be piotted.

REM 8833333333838 83338333 aaasiassssanasaaesssysesey

FEM

FOR I=1 TO F TREM Round off scaled T anmd V values to

tREM to nearest integer.,
D=(T{I)-T1)*Li*¥N3/A:TE(I»=INT(D):IF D-TE{I}>,S THEN TE{I})=TE{(I}+1
D={VII)-V1)%L2*%N4/B:VE(I)=INT(D):IF D-VE(I1)>.5 THEN VE(I)=VE{I)4+1
NEXT
FOR I=1 TGO NO tREM Repeat for calculated points.

D=(TC{I)-T1)*Li{*¥N3/A:TCCI)=INT(D):IF D-TC(I):,5 THEN TC{I)=TC{IMt+i
D=(VC(I)-V1)*LZ*N4/E:VC(I)=INT{(D):IF D-VC(IY>,5 THEN VC(I}=VC{I)+!
NEXT

FEM

REM 1333333333838 33eaisssaadaasssasassassassassgss

REM 1 This section sets up the printer format.

FEM 13333 iaiidiasiassssdssassssasdssssdsssas

REM

N3=80:N4=40 tREM No's of rows and columns



1110
1120

1130

1140
1120

1160

1170
1180
1190
1200
1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
220
1330
1340
1350
1360
1370
1380
1290
1400
1410
1420
1430
1440
1450
1460
1470
1480
1490
1500
1510
152
1520
1540
1550
1560

137

1380

1390
1600
1610
1620
1630
1640
1650

-57-

Li=6:LZ=12 :REM Horiz, and vert, dots per char.
M=INT(LOG{D2)/2.3)+5 tREM M is coiumn pos. of left axis,
LPRINT CHR${(Z5) tREM Set to 12,5 characters per inch.

ML$=MID$ (STR$(M*L1+1000),3) :REM ML$ is positicn of teft margin
tREM expressed as a char siring!
MR%=MIDS (ETR&E( (M+N3)*L1+1000), =)

IF A/D1<2 THEN Di1=D1/2 tREM Divide by 2 if less than 3 temos.
REM

REM 3333313383833 333333333333333333333383833333383383133

REM 1 This section prints graph orne line at a time.

REM 1333833383333 i3e33idassiasssdssasssssssvsasany

REM

EEM Next three program lines print top margin of graph.

REM CHR%(28) enters printer graphics mode and CHR$F{Z23) exits.
REM

LPRINT CHR%(28)3;"03;"+ML%;

FOR I={ TO N3*L1:LPRINT CHR$(96)3::NEXT

LPRINT CHR$(29);

REM

FOR N=N4 TO 0 STEP -1 :REM N is line no., 0 8t page bottom,
REM '

REM 3 3333 iass i idsassassasssssdsssasssssssassssvasseg
REM 1+ This subsectior: prints the vert, axis title, the vert.
REM 3 axis and the voltege decade nos., but not points.

REM 5333333333333 3 8333333 3iiaasasaadssasssssssssssssassasiag:
REM

LPRINT C&E(Nj3 tREM C% is vertical axis ijabel.

FOR J=2 TO 1 STEP -1 tFREM J divides steps inte half lines.
V={N+J/Z-1/2)#B/N4+V1+,001 :REM V is5 line number in voltage units.
IF V-D2#INT(V/D2)<B/N4/2 THEN LPRINT " “"3INT(V/DZ1+D2Z;

REM

REM The next two program lines close alphanumeric print record
FEM so that graphics mode can bhe reentered.

REM

LPRINT CHR&(13)3

LPRINT CHE$(28)y

Ps="3"+ML$+CHRS (1Z27)+"03 " +MR$+CHR$(127) :REM Print margins.
REM

S A R R R R R R R R R R R R R R R E R R R E R R KR E R R R R R R R R R R ERERERERER R RS
REM 3 This subsection prints the points to high resolutior,

REM R R R R R R R R R R R R R A R R R R R R A R R R R R R R R R R R RN
REM

FOR K=L2/2 TO 1 STEP -1 tREM There are & dots per half line,
L=L2#*N+L2/2%J+K-L2-1 tREM L is dot position or scaled V.
V=L#E/N4/L2+V1 V

IF V-D2#INT(V/D2)<B/N4/LZ THEN P$ =P&+"03;"+MLS+" """~ " "

FOR I=1 TO R tREM Search VE for any orn current line.
IF L-VE(I}<>2 GOTO 1610 tREM Igriore all points that aren’ t.
ME=MIDE(STRE{(398+M*L1+TE(IY), 2) tREM M$ is inset for data point.
Pe=PHE+" 03" +MB+ "HHYHH" REM Print a cross for data point.
NEXT 1

FOR I=1 TO NO :REM Search VO for any points on

IF L-VC(1)<>1 GOTO 1&60 tREM current line.

ME=MIDE (STRE(399+M*L1+TC{I1)),3) :REM Calculate tab, Ms,
PE=P$E+" 0§ "+ME+ " xux™ tREM Print 8 sguare for theory points.



1660
1670
1680
1890
17o0
1710

Ee o)
Lo

1730
1740
1750
1780
1770
1780
1730
1800
1810
182

18320
1840
1850
18&0
1870
1880
18350
186G¢
i2190
1920
1930
1940
1950
1960
1970

NEXT 1

PE=Ps+" 1" tREM Advance one vertical dot.
NEXT E

LPFRINT P$3

LPRINT CHR$(29); tREM Exit graphics

NEXT J .

NEXT N :BREM Current line i3z rnow compiete.
REM

REM 13353133333 38383iasiiataasiassas s ssssssssssssssssss
REM § This section prints the lower margin with titie.

REM R A R E R R R S R R R R R R R R R R R R R R R RIS T I A R A R S A S TR TN -
REM

LPRINT CHR$(Z8), +MLS+CHRE (127 ) 5

FOR I=2 TO NZ*L 1 :REM Print lower margin
T=I*8/N2/L1+T1 +REM using vertical bars to glve 5: }e,

IF T-D1+INT(T/D1)<{A/NZ3/L1 THEN LPRINT CHR${1271; ELSE LPRINT "A"
NEXT I

LPEINT CHRE(i27);CHR$ (29

FOR I=0 TO NI

T=I%A/N3+T1+.001 sREM ard labels im evern 55 and 10 5.
IF T-Di#INT(T/D1<A/N3 THEN LPREINT TAE(I+M-1);INT(T/D1)*D1:
NEXT

LPRINT:LPEINT

LPRINT TAE(ZIS) 3 "TEMPERATURE (EK)"
LPFINT:2LPRINT

LPRINT "CONSTAMT="3;C3" EARRIEE=";E!
BEM

FEM Fepeat fit attempt reguest follows,
REM

INPUT “"Recalcuiate";7vs$

IF STRINGS(1,vYs!="Y" GOTO 450

END



