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%e report here a systematic study of the electrical properties of a large number of metal/n-type

GaAs (Cr, Mn, Sn, Ni, Al, Pd, Cu, Ag, Au) diodes. Diodes were fabricated on cleaved GaAs(110)
surfaces under ultrahigh-vacuum conditions with in situ metal deposition. Using current-voltage

(I- V) and capacitance-voltage ( C- V) measuring techniques, we were able to obtain very reliable and

consistent determinations of the barrier height Ps and ideality factor n A.ll of the metal-

semiconductor systems formed on lightly doped (5)& 10' /cm3) n-type GaAs substrates were charac-

terized by near-unity (1.05) ideality factors. A decrease in the effective I- V barrier height, an in-

crease in the ideality factor in forward bias and a strong valtage dependence on the thermionic emis-

sion currents in reverse bias were found for diodes formed on the more heavily doped samples.

These changes are essentially metal independent, but depend strongly on the doping of the substrate.

The characterization (and elimination in some cases) of peripheral leakage currents from the ther-

mionic emission current is found to be essential in obtaining consistent results in our work and in

reinterpreting some of the prior work in the literature. The dominant leakage current flows through

a small area, low barrier at the periphery of the device and can be eliminated by mesa etching. The

consistent and reproducible barrier-height determinations reported in this study, when combined

with the results of recent surface-sensitive studies, are a particularly critical test of models of
Schottky-barrier formation. The barrier heights measured fram the electrical characteristics of
thick-metal-film diodes were found to be essentially identical to those reported during the initial

stages (submonolayer to several monolayers of metal) of Schattky-barrier formation by phatoemis-

sion spectroscopy. This agreement indicates that the physical mechanism responsible for Fermi-

level pinning in the thick-metal Schottky diodes is first established at submonolayer to several-

monolayer coverages of adatoms and an atomic scale model is therefore necessary to account for the

available experimental data. No strong correlation between the barrier heights and the work func-

tion of the metal or chemistry at the interface was found. Also, diodes formed on clean GaAs(110)
surfaces were found to have essentially identical barrier heights to those formed on clean GaAs(100)
surfaces and on contaminated (i.e., chemically prepared) GaAs(100) and GaAs(110) surfaces.

Several currently popular models concerned with the physical mechanism responsible far the forma-

tion of the Schottky barrier are discussed, and the unified defect model is found to be most con-

sistent with the experimental data.

I. INTRODUCTION

Within the last 20 years, surface-sensitive studies using
techniques such as photoemission spectroscopy (PES),
Auger electron spectroscopy (AES), and low-energy elec-
tron diffraction have made a very significant contribution
toward understanding and characterization of the chemi-
cal, structural, and electronic properties of the intimate
metal-semiconductor interface during the initial stages of
Schottky-barrier formation (sub to several monolayer cov-
erages of the metal). Despite extensive effort by the
surface-science community to eliminate any unnecessary
variables by preparing the metal-semiconductor systems
in a nearly contamination-free ultrahigh-vacuum (UHV)
environment, very few complementary investigations on
the electrical characteristics of clean metal-semiconductor
systems using similar sample preparation methods have
been performed. ' s In fact, almost all of the electrical
studies that have been reported stem from interest by in-
dustry in chemically prepared, air-exposed, and otherwise

contaminated interfaces. Because submonolayer cover-
ages of impurities are capable of pinning the Fermi level
and altering the chemistry at the interface, 's comparing
the results from the fundamental studies on atomically
clean interfaces to the results of the electrical measure-
ments on contaminated interfaces is of questionable valid-

ity, particularly when the nature of the contaminants is
not well known. Furthermore, a thin impurity layer be-
tween the metal and semiconductor may have a signifi-
cant effect on the current transport mechanisms in electri-
cal device measurements. Our main goal in this work
was to compare results of spectroscopic and electrical
studies on samples grown under similar conditions.

To remove any unnecessary variables and to simplify
the chemistry at the interface, diodes in this study were
produced on clean GaAs(110) surfaces formed by cleaving
under UHV conditions with in situ metal deposition.
Cleaving has proven to be the best method of preparing
stoichiornetric and clean surfaces for the group-III-V
compound semiconductors. Slow, controlled evaporation
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rates, similar to those used by our group in photoemission
experiments, were used during the initial stages of
Schottky-barrier formation. As will be seen, these experi-
mental procedures produce very clean and reproducible
intimate metal-semiconductor interfaces. The electrical
characteristics of the devices grown under these carefully
controlled conditions were found to be extremely reprodu-
cible and consistent. Also, by comparing the electrical
characteristics of diodes made with different metals and
substrate doping levels, several universal features were
found. For example, at a given doping level of the semi-
conductor substrate, the current-voltage (I- V) characteris-
tics of all nine metals had essentially the same ideality
factor, independent of the metal used. Also, the depen-
dence of the barrier heights on the substrate doping level
was essentially the same for each of the metals. Such con-
sistency in the data allows us to report much more reliable
barrier-height determinations than has been previously
possible. This allows us to gain new insight into the
physical mechanisms involved in the formation of the
Schot tky barrier.

Because these diodes were produced under the same
conditions and evaporation rates during the initial stages
of Schottky-barrier formation as in the surface-science
studies, we can confidently compare the results of measur-
ing techniques which are macroscopic in nature (device
electrical measurements} with the results of techniques
which are microscopic in nature (for example, PES and
LEED measurements). For a review of the advances by
the surface-science community, see Refs. 10—13. The re-
sults of this electrical data when combined with the re-
sults of the surface-sensitive studies are a particularly crit-
ical test of different models of Schottky-barrier forma-
tion. It is also valuable to compare the studies of intimate
Schottky diodes on GaAs and other group-III-V semicon-
ductor systems produced with similar fabrication pro-
cedures to previous studies which use different crystal
faces and different surface preparations.

II. THE EXPERIMENT

Metal/GaAs(110) diodes were fabricated by in situ
deposition of Ni, Al, Sn, Mn, Pd, Cu, Au, Cr, and Ag on
clean n-type GaAs(110} surfaces prepared by cleavage in
UHV. The samples used were n-type GaAs crystals
doped to 1)&10', 7X 10', and 9 &(10'7/cmi according to
manufacturers' specifications; 5 &( 10'6, 2 )& 10', and
9 &( 10'7/cm as measured by ourselves using the
capacitance-voltage (C- V) method. The doping concen-
trations quoted henceforth will be those determined by the
C- V method.

Prior to diode fabrication, two Ohmic contacts
were prepared by annealing indium contacts on the
back of each sample. The sample was first degreased
using the conventional 1,1,1 trichloroethane (TCE)—
acetone-methanol —distilled HiO rinse for approximately
2 min each. The sample was then etched in a 15:3:1
H20:N~OH:H20i solution for typically 5 min followed
by a distilled water rinse. 1-mm indium balls were
pressed onto the back of the s imple. The sample was sub-
sequently annealed in a Hi environment for typically 10

min at 450'C. I- V measurements were performed on the
two back Ohmic contacts to insure nonrectifying behavior
with low-contact resistances (typically ~ 2 0).

After the Ohmic contacts were made, the crystals were
loaded in a bakeable UHV chamber [base pressures of
(2—8)X10 ' Torr]. The samples were cleaved in UHV
to expose a 5 mm&(5mm GaAs(110) face. The cleaving
procedure consisted of using a soft (annealed) copper anvil
to support the crystal while a tungsten-carbide blade on a
linear feedthrough applied increasing pressure until the
sample was cleaved. Flat surfaces with only a few small
cleavage steps on the crystal face were consistently ob-
tained. Metals were evaporated using resistance-type eva-
porators placed approximately 5 cm from the GaAs sam-
ple. The evaporation bead consisted of a small piece of
the metal in a tungsten basket (Cr, Mn, Al) or a molybde-
num basket (Ag, Sn), a small piece of the metal crimped
on a molybdenum wire (Au, Cu}, or a thin metal wire
wrapped around a helical tungsten wire (Pd, Ni). These
beads were identical to those used in the photoemission
experiments performed by our group at Stanford, and
after adequate outgassing, have proven to consistently
evaporate very clean metal overlayers, free of contamina-
tion as monitored by photoemission spectroscopy. The
diodes, roughly 0.5 mm in diameter, were defined by a
stainless-steel shadow mask placed just in front of the
sample. Approximately 1000 A of the metal were depo-
sited. To avoid excessive heating or contamination, the
evaporations were performed in roughly 30 steps with 30
to 120 sec in between. We used several submonolayer eva-
porations, followed by roughly nine evaporations each of
1, 10, and 100 A. Each evaporation step mould last ap-
proximately 20 to 120 sec. The thickness of metal cover-
age was determined using a quartz thickness monitor
placed in close proximity to the GaAs sample. Average
pressures were kept below 10 Torr for the initial stages
of Schottky-barrier formation ( ~ 100 A).

After fabricating the diodes, I-V and C-V measure-
ments were subsequently performed in atmospheric condi-
tions. For the measurements, gentle contact with the
diodes was made using a 10-mm gold ball formed on the
end of a 5-mm gold wire. The I- V measurements were
performed using the IMFAcT system developed at Stan-
ford. '4

C-V measurements were performed using a Hewlett-
Packard 1-MHz 4271B C- V meter and a Hewlett-Packard
6131C voltage source controlled by a Hewlett-Packard
9845B coinputer. An excellent description of the C-V
measurement technique can be found in Ref. 15. The pro-
cedures outlined there served as an excellent guide for the
C- V barrier-height determinations.

Prior to the C- V measurement, significant forward bias
(typically 0.5 eV) was applied to the diodes to empty the
electron traps within the depletion layer. ' C- Vmeasure-
ments were then performed over a voltage ranging be-
tween large reverse bias ( —4 V) and significant forward
bias (0.5 eV). Parasitic circuit capacitance in series with
the device under test were measured prior to making elec-
trical contact to the device, and was subsequently sub-
tracted from the measured capacitance to infer the diode
capacitance. Caution must be used since this diode capa-
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citance may not be an accurate measure of the capacitance
of the junction due to the effects of series-resistance ele-

ments and the conductance of the junction' (and the leak-

age current pathway, if present). ~e will discuss two
methods which can be used to evaluate the errors intro-
duced by these components. The first method, described
in Ref. 15, requires an independent determination of the
series resistance r at a large forward bias. However, be-

cause changes in contact resistance can result during the
measurement, an alternative technique is desirable.
Another method is presented here that obviates the need

for an independent series-resistance measurement and can
be evaluated using only the parameters determined by the
conventional capacitance meters during the C- V measure-
ment.

The Schottky diode is typically modeled as a series
resistance r (the sum of bulk and contact resistances) in
series with a voltage-dependent junction capacitance C

(a) CIRCUIT MODEL OF SCHOTTKY DIODE

and a voltage-dependent junction conductance 6 [the bar-
rier, ' (see Fig. 1(a)]. However, conventional capacitance
meters are only capable of measuring two parameters, a
capacitance C& and a conductance Gz [see Fig. 1(b)]. A
criterion for accurate determinations of the junction capa-
citance C as measured by this type of equipment was
described by Goodman. He showed that an accurate
capacitance measurement (and therefore an accurate infer-
ence of the barrier height} can be obtained if
(rG+1) +aPr C is very close to 1 (a 1Fo error in the
barrier height for a value of 1.005), where co is the angular
measurement frequency.

A simple method which obviates the need for an in-

dependent series-resistance measurement can be evaluated
using only the two parameters Cz and Gz. The uncertain-

ty in the junction capacitance C can be bounded by
evaluating Cz and C, as shown in Figs. 1(b) and 1(c),
respectively. The following equations show C, is an

upper bound and C~ is a lower bound for the junction
capacitance C:

C~=C[(rG+1) +~ r C ]

Cg
——C (1+6 /co C ) .

Because rg0 and G&0,

C, pC)Cp .

C, and Cz are related by

(3)

Cg ——Cq(1+6'/co Cq) . (4)

(b) PARALLEL CiRCUIT

Cp

(C) SERIES CIRCUIT

FIG. 1. Panel (a) represents the circuit model of a Schottky
diode. The circuit consists of a series resistance r (the sum of
the bulk and contact resistances) in series with a voltage-
dependent junction capacitance C and a voltage-dependent junc-
tion conductance 6 (the barrier). Panel (b) sho~s a parallel
equivalent circuit which a conventional capacitance meter is

capable of measuring. Panel (c) shows a series equivalent cir-
cuit. As is shown in the text, the junction capacitance C is
bound by the values C~ and C, .

The maximum error in the determination of the capaci-
tance using the conventional C- V meters in terms of the
parameters C, and Gz is Cz(G&/co Cz). Therefore, the
relative uncertainty in the junction capacitance is
+'26'p/Nz C'p. The cnterion Gp2/~2cp2((1 was found to
be extremely valuable in distinguishing unreliable mea-
surements due to excessively large reverse-bias currents
(i.e., large conductance 6, such that rG is not «1), as
well as a poor contact between the gold probe and metal
of the Schottky diode (i.e., large series resistance r, so
co~r~C2 is not &&1). For diodes with a relatively large ef-
fective I- V barrier height (&0.5 eV} (as were encountered
in this study for diodes fabricated on substrates with dop-
ing levels of 5X 10' and 2X10' /cm ) and without large
leakage currents, the errors in the C- V barrier-height
determination due to the parallel conductance elements
and the series-resistance elements were found to be insig-
nificant. However, if electrical contact to the diode was

poor or if the diode had a large parallel conductance
caused by a small effective barrier [&0.5 eV, as are en-
countered in diodes formed on heavily doped n-type
GaAs substrates and in the n-type InP (Ref. 16) and @-

type GaAs systems] or large leakage currents, the errors
encountered were found to be significant and an accurate
C- V barrier height could not be determined. This may
explain the inconsistent reports in the literature of C- V
barrier-height values for low-barrier-height systems. Us-
ing the I- V and C- V technique a number of diodes, typi-
cally eight on each crystal, were measured.
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ly. Because the I- V measurement technique is sensitive to
barrier-lowering effects, ' ' the effective I- V barrier
height is dependent on the applied voltage and the doping
of the substrate. The barrier-lowering mechanisms in-
clude the effects of the image force, ' the effects of tunnel-

ing current through the potential barrier, ' and an altera-
tion of the charge distribution near the interface due to

metal-induced gap states (MIGS) (Refs. 19—21) and/or
the spatial distribution of charged defects. The voltage
dependence of the effective I- V barrier height as calculat-
ed using Eq. (5) for Schottky diodes fabricated on sub-
strates with several doping levels is plotted in Figs. 3(b)
and 4(c). As can be seen, the more heavily doped samples
show a much stronger dependence on the effective barrier

1Q 100

1Q

1Q 10

E
1Q

10 1Q

10 10

0 1QQ 200
V (mV)

300 400
V (V)

-4 -5

0 ~ 7
~

I & &
1

I r I I & r C
1

I I I
1

% s e

0.6

z

0.5
CL

Q.
EL

Kl

Q.4

~ . . 1

V. (V)

FIG. 4. In order to give a greater range in current and voltage than is shown in Fig. 3, I- V data from Cr/n-type GaAs diodes with
several substrate doping levels is presented in (a) forward bias and (b) reverse bias. (c) Determination of the voltage-dependent barrier
height (Ps) using the ideal thermionic emission equation, Eq. (S), over a very large voltage range. Note the much stronger voltage
dependence on the barrier height for the more highly doped samples. The nonlinearities in (a) at large forward bias are caused by
series-resistance effects (due to the significant potential drop across the bulk and contact resistances which occurs when large currents
flow).



33 ELECTRICAL STUDY OF SCHOI j.'KY BARRIERS ON. . .

og

5
bQ
05

8
8
O

~ ~

05

Q
CJ

rj}

C4

V

O
X

Cg

Q
K
a
V

V4
8

CA

8
V

O
X

bQ

Q
F4
'a
OJ

74
8

CA

V

O

bQ

K
Q'a

bQ O
+I

bQ O
+I

C4 OI +I

4) CP

bQ O
+I

O
bQ O

+I

Q

43 CP

~ a
bQ O~ -H

Ch Ch
O O

oo O
O O

oo I c oo ce ceOOOOOOO

$$-$88~5~

t t oo ooOOOO
oo
oo~O~O

OOOO

oo

oo
O

oo
O

Ch cV
oo oo
OOO

oo
~ ~ ~ ~ ~ ~ ~ ~ ~~

M w M M oo oo oo ooOOOOOOOOO

8

O
X

~

"0

c5
C4
CP
Cg

Cl

Q

CP

'a
0$

V

Q

8~
CO

.8 8
CO ~
g O

i X
CO

Q on

O

Q
~ ~

oX
Q

4~ ~Q

L.
Ch

P
8

-'.5
Ck

4 .'+

gl P

Q

E

V

Q

cf

Q

8

X

5

~~~I
~ %+I

E Q
rI)

"8
I 'c

Q I

CI$44 ~Q

E—
lP)

'0 O

~ 'I~+I

1 yg

t"."~
QO

gJ
4

CP

v

cA
C

cO

0 4
G

m L
{Q 8

Ol~0 o

2 ~ho/Vt ( V —IR)/nVtI =SA'T e 'e (6)

The ideality factor is related to Ei, the linear expansion
coefficient of the barrier height by the equation,
E, =1—1/n. Therefore, the strong dependence of the ef-
fective barrier height on applied voltage in the forward
direction is refiected in the significantly greater ideality
factors for the more heavily doped substrates.

Using Eq. (6) to fit the forward-bias data, the value of
the effective I- V barrier height ()so) and the ideality fac-
tor (n) are presented in Table I. Note the consistent and
near-unity ideality factors for the Schottky diodes pro-
duced on the most lightly doped substrates. The con-
sistency can also be seen by noting the parallel lines in the
logI-versus-voltage curves in Fig. 2. Also systematic in-
creases in the ideality factor and decreases in the barrier
height for the Schottky diodes produced on the more
heavily doped substrates were found. The uniformity be-
tween the ideality factor for all of the diodes produced on
the same substrate doping is striking. The thermionic
emission current can be characterized with a constant
ideality factor over the measured forward-bias voltage
ranges for all of the systems studied. This is refiected in a
linear logI-versus-voltage curve in the forward direction
as can be seen in Figs. 2 and 3(a). Also, note the differ-
ences in the barrier height among the metals are essential-
ly identical for each substrate doping level.

Low-temperature I- V measurements have been per-
formed on several systems (Ag, Au, and Cu for the most
lightly doped substrate). Preliminary results of this work
indicate that the current-voltage measurements can be
successfully characterized by a thermally activated pro-
cess as is described by Eq. (6). Typical I- V data for vari-
ous temperatures can be seen in Fig. 5. Changes on the
order of the accuracy of the measuring methods and de-
vices were found in the barrier height ( &0.06 eV) and in
the ideality factor (~0.05) over the temperature range
from 100 to 300 K. Note that changes in the band gap
over this temperature range are also on the order of 0.06
eV. Because more extensive and accurate measurements
are planned, all of the details and results of these experi-
ments are not presented here. Nevertheless, the demon-
stration that the current-voltage relationship of these inti-
mate metal-semiconductor diodes is a thermally activated
process with an activation barrier which is consistent with

height as determined by Eq. (5) with doping. Note the
near linear dependence of the effective barrier height over
a range of applied voltage from large reverse bias to signi-
ficant forward bias in Figs. 3(b) and 4(c).

The barrier height can be expanded in voltage as

A(Vj)=kbo+&i(VJ )+
where V~ is the voltage across the junction ( VJ = V IR—)
and represents the higher-order terms in voltage.
Typically, a linear expansion of the effective barrier
height in voltage is used so that the forward I- V data can
be described by two parameters, P{,0 (the effective barrier
height extrapolated to zero bias) and n (the ideality fac-
tor). For significant forward bias (i.e., e' "'~ '&&1),
the thermionic emission equation is typically written as'
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barrier-height determinations measured at room tempera-
ture is a very important point.

10 j I \
1

'I ~

B. Leakage currents

Extreme care is necessary when interpreting I- V data.
The separation of leakage currents from the thermionic
emission current is essential in obtaining consistent re-
sults. A leakage current was found which could be
characterized by a small-area, low-barrier device in paral-
lel with the large device (whose electrical characteristics
were shown in the last section to be accurately character-
ized by thermonic emission current). The I Vch-aracteris-
ties of this leakage current were not found to be consistent
with Schockley-Read-Hall recombination. At room
temperature, the series-resistance component, in series
with Schockley-Read-Hall recombination. At room
temperature, the series-resistance component (presumably
due to spreading resistance through the small area device),
in series with the low barrier„was found to dominate the
electrical characteristics for a significant portion of re-
verse and for small forward bias. Therefore this leakage
current typically appeared as a "parallel resistive current"
(especially for the large barrier devices because of the
much smaller thermionic emission current in these de-
vices). " Diodes fabricated over flat areas without steps
were found to have the same I- V and C- V barrier height

as diodes fabricated over areas with large steps and other
imperfections. However, the diodes fabricated over areas
with large steps and other imperfections were typically
found to have much larger leakage currents of this type.
An example of this can be seen in Fig. 6. Large leakage
currents were also found when the periphery of the diode
was not abrupt (i.e., not well defined).

The leakage current path was clearly shown to be asso-
ciated ~ith the periphery. This current path at the peri-
phery of the device can be removed by performing a mesa
etch using H20:H202. H2SO4 in a ratio of 15:1:1 for 7
min as can be seen in the room-temperature measure-
ments presented in Fig. 7. For at least one diode at room
temperature and for a significant fraction of the diodes
which were measured at low temperature, this current
mechanism appeared as an exponential dependence on the
current in a region of small forward bias which was
series-resistance-limited at moderate bias. For the device
which showed this relationship at room temperature, Fig.
8 shows the effect of removing the current pathway at the
periphery of the device by mesa etching. Note the large
decrease and eventual removal of this leakage current with
each stage of mesa etching using H20:H20z. H2SO4 in a
ratio of 15:1:1. An increase in this peripheral leakage
path by over 8 orders of magnitude of current has been
found when these intimate Au: n-type GaAs diodes are an-
nealed to 430'C.2s Mesa etching was also found to suc-
cessfully remove the leakage currents in the annealed
Au:n-type GaAs diodes.
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FIG. 5. Typical I- V data measured as a function of tempera-
ture for a Cu/n-type GaAs diode fabricated on a clean cleaved
GaAs(110) surface under UHV conditions. Near-unity ideality
factors were consistently found at each temperature. The
barrier-height determination (((tso) at each temperature using the
thermionic emission equation, Eq. (6), was found to be con-
sistent (within experimental error and changes in band gap) with
that measured at room temperature. The nonlinearities in the
curves at large forward bias are caused by series-resistance ef-
fects (due to the significant potential drop across the bulk and
contact resistances which occurs when large currents Aow).
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FIG. 6. Several diodes fabricated on the same substrate can
be seen. Note the large leakage current which was measured for
the diode fabricated over cleavage steps. For this device, the
leakage current is found to dominate for reverse bias and small
forward bias. Also note the essentially identical magnitude of
thermionic emission current which dominates the I- V charac-
teristics at significant forward bias ( V~ 0.3 V).
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FIG. 7. Removal of the peripheral leakage current by mesa
etching can be seen in this figure. Note that the thermionic
emission current which dominates the I- V characteristics at sig-
nificant forward bias ( V&0.3 V) is not affected by the mesa
etch.

Such behavior is characteristic of a thermionic emission
barrier (a large-area device) in parallel with a small-area,
low-barrier device (the leakage current), which is attenuat-
ed at moderate bias by a large series spreading resistance
due to its small area. At small bias the characteristics ap-
peared to have a near-unity ideality factor. Because small
activation huYiers are attenuated exponentially less than
large barriers as temperatures decrease, the leakage
current, though not always detectable at room tempera-
tures for the current ranges measured in this experiment,
is often found to dominate the electrical behavior over a
significant portion of the forward I- V curves at low tem-
peratures. This can be seen in Fig. 9. However, it should
be emphasized that the high barrier height dominates the
electrical characteristics for all temperatures above 221 K.
Similar behavior has been reported by Schwartz and
Cho, but that study did not find near-unity ideality fac-
tors for the leakage current and did not associate the leak-

age current with the periphery.
A linear dependence of 1/C on voltage was found for

all of the systems studied in the voltage range of 0—2 V
reverse bias. Typical data can be seen in Fig. 10. The dif-
fusion potential of the Schottky diodes was obtained from
the intercept of the 1/C -versus-voltage curve'5 using a
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FIG. 8. The peripheral leakage current can be characterized
by a small-area, low-barrier device. At small bias the leakage
current appears as an exponential dependence on voltage with a
near-unity ideality factor, which is attenuated at moderate bias
by a large series resistance due to its small area. As can be seen,
this peripheral leakage current can be removed by mesa etching.
Note that the thermionic emission current at significant voltage
is not affected by the mesa etch.

FIG. 9. This figure shows that the peripheral leakage current
can be characterized by a small-area, low-barrier device with a
near-unity ideality factor. As can be seen, the leakage current
appears as an exponential dependence on voltage with a near-
unity ideality factor, which is attenuated at moderate bias by a
large series resistance due to its small area. Because small ac-
tivation barriers are attenuated exponentially less than large bar-
riers as temperatures decrease, the leakage current, though not
always detectable at room temperatures for the current ranges
measured in this experiment, are often found to dominate the
electrical behavior over a significant portion of the forward I- V
curves at low temperatures.
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community can be directly applied to the interfaces inves-
tigated in this study. In the following discussion, we will
show that the results of the electrical device measure-
ments when compared with the results of the surface-
sensitive studies provide a particularly critical test of dif-
ferent models of the Schottky barrier.

80—

0 I I I a I a

0 -2 3

8. Correlation of electrical device barrier-height
determinations with band-bending determinations

during the initial stages of Schottky-barrier formation
V (V)

FIG. 10. Typical C- V data from a Ag:n-type GaAs diode fa-
bricated on a clean cleaved GaAs(110) surface under UHV con-
ditions. Note the linear 1/C~-versus-voltage relationship for 0
ta 2 V reverse bias. The C- V barrier height {P~y) can be cal-
culated by adding the measured diffusion potential (the intercept
of the voltage axis) to the difference between the conduction-
band minimum and the Fermi level in the bulk.

least-squares fit over 0—2 V reverse bias. The C- V barrier
heights (pi,c.i ) can then be calculated by adding the
difference between the Fermi level and the conduction
band in the bulk (0.04, 0.02, 0.01 eV for the diodes fabri-
cated on substrates with doping of 5 X10', 2X10', and
9X 10' /cm', respectively) to the diffusion potential. The
conduction-band density of states N, and dielectric con-
stant e, used in the calculations were 4.7X10' /cm and
13.1, respectively. The results of the data analysis can be
seen in Table I.

IV. DISCUSSION

A. Introductory comments

In this study, the fabrication of the diodes on a clean
cleaved GaAs(110) surface under VHV conditions allowed
for a reproducible method of diode fabrication. The re-
sulting consistency in the data allows us to present much
more reliable barrier-height determinations using device
measurements than has been previously possible. In the
remainder of this paper we will concentrate on the impli-
cations of the reported barrier-height determinations to
the understanding of the physical mechanisms responsible
for the formation of the Schottky barrier. An analysis of
the physical mechanisms reponsible for the current con-
duction and barrier lowerin in these diodes will be
presented in another paper. We will use the barrier
heights of diodes formed on the most lightly doped sub-
strates since they are least influenced by the barrier-
lovrering mechanisms. Corrections of less than 0.04 eV
would be expected due to the effects of the image force'
and tunneling' for the devices fabricated on the most
lightly doped substrates (5 X 10' /cm ).

Because the metal/GaAs systems in this study were fa-
bricated using similar sample preparation methods as used
in surface-sensitive studies, the understanding of the
structure and chemistry of intimate metal/GaAs systems
which has been recently obtained by the surface-science

Photoemission spectroscopy studies, performed by our
group at Stanford ' ' and others, ' ' ' can measure the
amount of band bending during the initial stages of
Schottky-barrier formation. For the clean cleaved GaAs
surface, it has been experimentally demonstrated that
there are no intrinsic surface states within the band gap,

i'
and therefore intrinsic surface states cannot be responsible
for pinning the Fermi level in Schottky-barrier diodes.
However, the Schottky-barrier height is almost completely
developed when submonolayer coverages of adatoms are
deposited onto the surface. ' This experimental observa-
tion that submonolayer coverages of such a broad family
of adatoms [including nonmetals such as oxygen (Ref.
32), Sb (Ref. 32), and Ge (Ref. 33)] pin the Fermi level at
the same position in GaAs (within experimental error) can
be used to rule out bulk metallic states as the primary
source of Fermi-level pinning, at least for submonolayer
coverages. As can be seen in Table II, the barrier-height
determinations for the thick-metal devices are essentially
identical to those reported at the initial stages (submono-
layer to several monolayers of metal) of Schottky-barrier
formation by photoemission spectroscopy. Such con-
sistent agreement is a strong indication that the physical
mechanisms responsible for Fermi-level pinning in the
thick-metal Schottky diodes is first established at sub-
monolayer to several monolayer coverages of adatoms and
an atomic scale model is therefore necessary to account
for the data.

In the late seventies, the results of the PES studies and
device measurements led to the development of a current-
ly popular atomic level model, the unified-defect
model. ' This model hypothesizes that for metal group-
III-V semiconductor interfaces, the localized states re-
sponsible for pinning the Fermi level at the interface are
associated with defects induced by the deposition of the
adatom. PES results suggest that a defect which acts as
an acceptor occurs at 0.7+0.1 eV below the conduction-
band minimum (CBM) and a defect which acts as a donor
occurs at 0.9+0.1 eV below the CBM in GaAs. The phys-
ical and electronic structure of these localized states has
not been completely resolved, and the reader is referred to
the hterature for further discussions (for example, see
Refs. 4, 10, 13, and 33—37). As can be seen in Table II,
the interface Fermi-level pinning position as measured for
submonolayer to several monolayer coverages of metal in
the PES studies is found to be essentially identical to the
interface Fermi-level pinning position as inferred by the
electrical device measurements on the thick-metal-film
(approximately 1000 A) diodes as was measured in this
work. This range in pinning positions is also found to
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agree to first order with calculations of the energy level of
several point defects including antisites and vacancies.
The electronic interactions which determine the charge
state of the defect levels (and therefore the position of the
interface Fermi level) are not completely understood. The
effects of a bulk metal (using a jellium model), and an
atomic polarizability (an atomic model)39 have been inves-

tigated recently. Clearly additional work is needed to ob-
tain a more complete understanding of the physical mech-
anisms responsible for the small differences between the
barrier heights of the metallGaAs systems.

this study, with the four largest barrier heights, include a
nonreactive interface (Ag), moderately reactive interfaces
(Au, Cu), and a highly reactive interface (Pd). Similarly,
no correlation between the barrier height and the type of
chemical reactions is found. For example, in the reactive
high-barrier-height systems, Au reacts to form predom-
inantly an alloy with Ga, Cu reacts to form predominant-
ly an arsenide, and Pd reacts to form both an alloy with
Ga and an arsenide, yet the barrier heights of the
Schottky diodes formed with these metals are very simi-
lar.

C. Correlation of electrical data with the chemistry
at the interface (or 1ack thereofl

D. Correlation of electrical data
with work function (or lack thereof)

Photoemission studies have demonstrated that the
chemical nature of metal/GaAs interfaces are very
diverse. The systems range from a nonreactive abrupt in-
terface (Ag), to interfaces which form metal-arsenide
compounds (Al, "' Cu, Ni, Pd, Cr, and Mn) and
metal-gallium alloys (Au, Ni, Pd, and Mn). For
these metals, the microscopic chemical reactions, as moni-
tored during the initial stages of metal deposition by
photoemission spectroscopy, have been found to be con-
sistent with bulk thermodynamic data. We will refer to
the thermodynamic model presented by McGilp in which
metal-semiconductor anion compound formation and
metal-semiconductor cation alloying are included in cal-
culating the heats of reaction. To allow for a more quan-
titative comparison of the chemical reactivity, thermo-
dynamic data are shown in Table III. Because of the lim-
ited availability and consistency in the experimental
values, both experimental and theoretical values are in-
cluded. As can be seen, no apparent trends in the barrier
height can be found between the Schottky-barrier height
and the type or extent of chemical reaction at the inter-
face. For example, the metal-semiconductor systems in

As can be seen in Table II, no strong correlation of the
barrier height with the work function of the metal over-
layer is found. This can be used to rule out the original
Schottky model as proposed in 1939. ' More recently,
Freeouf and Woodall have proposed a modification of this
model, in which the work function is replaced by an effec-
tive work function which is a value that corresponds to an
average of the chemical phases at the interface. 4s Al-
though the lack of detailed information concerning the
chemical composition at the metal-semiconductor inter-
face and the very large uncertainty in the available work-
function data (typically 0.5—1.0 eV) makes this model dif-
ficult to address; some inconsistencies are apparent. For
example, in the systems which produce high barriers on
GaAs, the metals have a large range in work function
(4.26—5.12 eV) and quite different chemical products are
formed at the interface (Ag is found to be unreactive; Au
reacts to predominantly form an alloy with Ga, Cu reacts
to form predominantly an arsenide, and Pd reacts to form
both an alloy with Ga and arsenide), yet the barrier
heights of the Schottky diodes formed with these metals
are very similar. This lack of correlation between the bar-

TABLE III. Thermodynamic data.

Metal

Cr
Mn
Sn
Ni
Al
Pd
Cu

Hest of formation, ddt
metal:As(1:1)

theoretical' (experimental)
(eV/As atom)

—0.99
—1.35 ( —0.59')

0 97 ( —0 75c)

( —1.27')
—1.55

—0.48 (CuAs)
—0.75( —0. 12d) (Cu3As)

—0.31
—0.48

AHf Ga:metal alloy
(1:00)

theoretical'
(eV/Ga atom)

—0.03
—0.62
+ 0.03
—0.71
+ 0.04
—1.76
—0.27

—0.22
—0.77

Heat of reaction, H„
using the theoretical data'

(eV/GaAs molecule)

—0.17
—1.12

—0.83
—0.42'
—2.46
+ 0.10 (CuAs)
—0.17 (Cu3As)
+ 0.32
—0.40

fbOIV-
(doping: 5 &(10' /cm )

(eV)

0.67
0.72
0.77
0.77

0.80—0.85
0.85

0.87
0.89
0.92

'A. R. Miedema, F. R. de Boer, and R. Boom, cALFHAD 1, 341 (1977); A. R. Miedema, P. F. de Chstel and F. R. de Boer, Physics
1008, 1 (1980).
bHeat of reaction of metal + GaAs —+metal:As(1:1) + dilute Ga:metal alloy (1:00). A value of —0.85 eV/As atom was used for AHf
of GaAs (footnote d).
'O. Kubaschewski and C. B.Alcock, Metallurgical Thermochemistry (Pergsmon, New York, 1979).
Donald D. W'agman, VA'lliam, H. Evans, Vivian B. Parker, Richard H. Schumm, Iva Hallow, Sylvia M. Bailey, Kenneth L. Chur-

ney, and Ralph L. Nuttsll, J. Phys. Chem. Ref. Data 11,Suppl. 2, (1982).
'Theoretical value from footnote a is not available for AIAs; the experimental value from footnote c was used instead.
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riers heights with the combination of the chemistry and
work function of the metal makes the barrier-height
determinations reported in this study difficult to under-
stand within the context of the effective work-function
model. Nevertheless, more work is needed to obtain de-
tailed information concerning the chemical composition
at the metal-semiconductor interface before this model
can be critically evaluated.

E. Correlation with other group-III-V diodes,
different crystal faces,

and different surface preparations

As can be seen in Table II, very good agreement is
found between the Schottky-barrier height of diodes
formed on clean cleaved (110) (from this study}, on heat-
cleaned (100), and on chemically prepared GaAs sur-
faces.

To a first approximation, the Schottky-barrier height is
found to be independent of the surface orientation of the
substrate. The band-bending determinations during the
initial stages of Schottky-barrier formation as monitored
by photoemission spectroscopy on heat-cleaned GaAs(100)
(Ref. 30) and on molecular beam epitaxy grown
GaAs(100) surfaces5 are found to be essentially identical
to that on clean cleaved GaAs(110) (Refs. 4, 22 and 45)
surfaces. Furthermore, the values reported by Waldrop
on diodes formed on heat-cleaned GaAs(100} surfaces are
in almost all cases within experimental error of the values
reported here for diodes formed on the most lightly doped
GaAs(110) substrate. Some small, but significant differ-
ences in the electrical characteristics do exist. The ideali-

ty factors are found to vary significantly between the dif-
ferent metal/GaAs systems in the study of Waldrop,
while essentially no differences are found in this study.
Differences in the trends in the barrier heights between
the metals also exist. For example, Au is found to con-
sistently form the highest barrier height on GaAs(110)
surfaces at each substrate doping, while on the (100) sur-
face Cu is found to have a higher barrier height than Au
by 0.06 eV, a significant difference.

As can be seen in Table II, the barriers heights of
diodes formed on clean cleaved surfaces and contaminated
(i.e., air exposed and/or chemically prepared) surfaces are
found to be remarkably similar. The chemical composi-
tion and morphology of an interface which is formed
when a metal is deposited on a chemically prepared
and/or air-exposed surface is not very well understood.
The thin GaAs native oxide has been reported to be
10—20 A thick, 6 5' and the presence of this impurity layer
has been shown to have important effects on the chemis-
try at the interface during the initial stages of metal depo-
sition. ' Nevertheless, the barrier-height determinations
using electrical device measurements of diodes formed on
clean and on chemically prepared GaAs surfaces are
found to be essentially identical. (See Table II.) This is a
strong indication that the same physical mechanism is re-
sponsible in pinning the Fermi level in each metal/GaAs
system, independent of the surface preparation. Because
submonolayer to several monolayers of an adatom can pin

the Fermi level, ~' the diffusion of even small amounts of
the metal through the oxide or the reaction of the metal
with the oxide to form an interface region which consists
of a mixture of metal and metal oxide6 may explain the
essentially identical interface Fermi level pinning position
for metals produced on clean and contaminated GaAs in-
terfaces.

The Al/GaAs system is an interesting exception to this.
As Table II illustrates, the thick-metal-film devices fabri-
cated on clean surfaces are found to have a significantly
larger barrier height than thick-metal-film devices formed
on contaminated surfaces or thin-metal-film systems
used in PES. ' ' PES has shown that the deposition of
Al on a clean GaAs surface at room temperature can re-
sult in an exchange reaction in which Al replaces the Ga
in the GaAs lattice and free Ga is formed. 2~'i ' As was
found for device measurements on direct-band-gap (i.e.,
small x}Al„Gai „As surfaces, the Fermi level to CBM
energy difference at the interface increases due to the in-
creased band gap of Al, Gai, As (resulting in an increase
in the barrier to electrons and thus the I- V barrier height),
although the distance from the valence-band maximum to
the interface Fermi level (which is the quantity measured

by PES) may not be changed. 5i This is further substan-
tiated by a recent study which found that upon annealing,
the enhancement of the exchange reaction as monitored
by photoemission spectroscopy29' can be directly corre-
lated with a significant increase (0.10 eV) in the relative
I- V barrier height as measured by the electrical device
measurements. si The PES measurement would therefore
underestimate the barrier height to electrons if the smaller
bmd gap of GaAs was used to induce the distance from
the CBM to the interface Fermi level when an
Al Gai „As region is present at the interface. The signi-
ficantly smaller barrier height for the Al deposited on the
oxidized surface can be attributed to the reduction and
possible elimination of the larger-band-gap Al, Gai, As
region at the interface. The deposition of Al on the oxi-
dized GaAs surface leads to a reduction of the native ox-
ides, and the formation of an aluminum oxide. This re-
action would be expected to dominate the cheinistry at the
interface, and a large decrease, and possible elimination of
the replacement reaction, would be expected.

We recently reported a study of Schottky barriers on
clean cleaved InP(110) surfaces using the same nine met-
als as in this study. ' A comparison with InP is particu-
larly interesting because similar trends in the chemical re-
actions are found at the metal-semiconductor interface, al-
though InP interfaces are, in general, more reactive.
The barrier heights of diodes formed on each semicon-
ductor were found to fall within a relatively narrow range
of energy (PsoinP: 0.32—0.54 eV Pi,OGaAs: 0.67—0.92
eV), although the interface Fermi-level pinning position
was found to fall lower in the band gap for GaAs than for
InP. A strong correlation was found between metals that
form a high (low) barrier height on GaAs and those which
form a high (low} barrier height on InP. Although the
physical mechanism responsible for the small differences
between the barrier heights of the metals is not very well
understood, this correlation suggests that a common
mechanism occurs in the GaAs and Inp system.
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V. CONCLUSIONS

The barrier-height determinations for the thick-metal
devices, as reported in this study, were found to be essen-
tially identical to those reported during the initial stages
of Schottky-barrier formation (submonolayer to several
monolayers of metal) by photoemission spectroscopy.
This agreement indicates that the physical mechanisms re-
sponsible for Fermi-level pinning in the thick-metal
Schottky diodes is first established at submonolayer to
several monolayer coverages of adatoms and an atomic
level model is therefore necessary to account for the avail-
able experimental data. No strong correlation between the
barrier heights and the work function of the metal or
chemistry at the interface was found. Also, the diodes
formed on the clean GaAs(110) surfaces were found to
have essentially identical barrier heights to those formed
on clean GaAs(100) surfaces and on contaminated (i.e.,

chemically prepared) GaAs(100) and (110} surfaces.
Several currently popular models were discussed, and the
unified-defect model was found to be most consistent with
the experimental data.
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