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2. Differences in the surface chemistry of n-type MBE epi-layers grown on (111)A
and (100) GaAs have no aflect on the contact resistance of Ni/ AuGe/Au ohmic

contacts.

3. Low resistance Mn/Au olunic contacts have been demonstrated on Si doped
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4. Differences in the surface chemistry between (111)A GaAs and (100) GaAs

affect the properties of Schottky contacts on these surfaces.
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6. The general relation E, = ¢p, + ¢5, applies to (111)A GaAs.
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INTRODUCTION

This report is a summary of my work with ohmic contacts, Schottky contacts and field
effect transistors on n-type and p-type (111)A GaAs. It contains copies of the manuscripts
that I have prepared for journal publication in addition to unpublished data and process
recipies. I hope that it will serve as a useful guide to those who will continue to study the
properties of metals on (111)A GaAs, after I leave.

D. Lovell

July 27, 1992.
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1) OHMIC CONTACTS

1.1) A General Description of Ohmic Contacts.

Ohmic contacts are non-rectifying contacts where current is Hnearly proportional
to the applied voltage, over a finite range of voltages. They are used to inject
current into and remove current from a semiconductor. Planar ohmic contacts,
where current flows horizontally through the semiconductor, are required for device
applications. They are formed by depositing metals onto semiconductor wafers and
then annealing the wafers so that some metal atoms diffuse into the semiconductor
and form a doped interfacial layer between the bulk of the metal and the bulk of
the semiconductor. This forms a low barrier height metal-semiconductor junction.

-3

For doping concentrations above 10'? cm™2, current flow in an ohmic contact is a

tunneling process 1. For doping concentrations below 10'® cm=2, current flows via
a mixture of tunneling and thermionic emission !). The ohmic contact resistance R,

depends strongly on the carrier concentration of the semiconductor, according to ):

2\/65771*)( B )
h VN

where ¢, is the dielectric constant of the semiconductor, m* is the mass of the current

(1)

R, = exp(

carrying species, ¢p is the barrier height of the ohmic metal-semiconductor junction
and N is the carrier concentration. Ohmic contacts on highly doped semiconductors
are preferred for device applications since their R, is low.

Ohmic contact resistance is measured using a transmission line (TLM) test pat-
tern. The TLM analysis technique is discussed in great detail elsewhere 22
will only be reviewed briefly here. TLM test structures consist of a series of equal
area contacts separated by spaces of different lengths. The entire structure sits
on an isolated portion of the semiconductor surface. The resistance of each gap is
measured by pushing a current across the gap and simultaneously measuring the
voltage drop. This measurement requires that 2 probes be used for pushing current
and that 2 probes be used for measuring voltage. This ensures that the resistance

of an individual probe is eliminated from the measured resistance. ( Note that the

resistance of 2 probe I-V measurements include the resistance of the probes since a

, and



current and a voltage are being applied and measured with the same piece of metal.)

The resistance across each gap is related to the length of each gap by >%:

R, = 2R, + (%)L Q (2)

R; is the measured resistance and it represents the total resistance of both metal
contacts and the semiconductor between them. R, is the resistance of the contact
metal, Ry is the sheet resistance of the semiconductor between the metal contacts,
W is the width of the contacts and L is the length of each gdp. R. is determined by
plotting R; versus L and extrapolating a least squares fit of the data to zero length.
This resistance intercept equals 2R.. R, is normalized by multiplying it by the the
contact width and it is reported in units of Q-mm. _
Specific contact resistivity is often used to characterize ohmic contacts. Specific

contact resistivity is defined as follows 1):

b= (50 e Q= em? (3)

p. 1s resistivity, J is current density and V is voltage. Specific resistivity is measured

by using a Kelvin resistor test structure #). This test structure is different from a

TLM test structure, although a TLM structure can be used to give an approximate
value of p., using the following equation.

pe = RCA[cosh_l(%:) . coth(cosh'l(%:))]_1 Q—cm? (4)

A 1s the area of the ohmic contact, R, is the contact resistance and R. is the end

67) was derived assuming that the

resistance of the ohmic contacts. End resistance
depth of the interfacial layer in an ohmic contact is negligible. For many ohmic
contact systems this assumption is not valid which limits the use of end resistance
measurements. For example, if end resistance is negative then it is physically mean-
ingless and equation 6 can not be used to calculate p.. All of the R, data presented

in this report were obtained by TLM analysis.
1.2) N-type ohmic contacts.

Ni/AuGe/Au contacts have been studied as ohmic contacts for n-type GaAs. This
combination of metals has been used extensively as a n-type ohmic contact on GaAs.
The purpose of my experiments with n-type ohmic contacts has been first to establish

processes which could be used for my work on Schottky contacts on n-type GaAs and
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second to lower the minimum contact resistance of Ni/Ge/Au based ohmic contacts
by improving the fabrication technology.

Most of my experiments with n-type ohmic contacts were done by evaporating
Ni and AuGe simultaneously in a resistance heat evaporation system. Subsequently,
Au was evaporated onto the Ni/AuGe to reduce the resistance of the contact metal.
Specific results will now be discussed in detail.

Ni-Ge-Au ohmic contacts are used extensively in the fabrication of electronic and
opto-electronic devices on n-type GaAs. The properties of Ni-Ge-Au contacts which
have been formed on n-type (100) GaAs by depositing the individual metals sepa-
rately have been widely reported. The properties of ohmic contacts on n-type (111)A
GaAs or on surfaces which are misoriented from the (111)A surface have not been
studied extensively although MBE growth of Si doped n-type GaAs layers on (111)A
GaAs and on (111)A GaAs which is misoriented by 1°, 3° and 5° toward [100] has
been demonstrated®. The surface morphology of n-type epitaxial layers grown on
(111)A GaAs misoriented by 5° toward [100] is specular and it is possible to fabricate |
electronic and opto-electronic devices on this material. Therefore, the properties of
Ni-Ge-Au contacts on (111)A GaAs misoriented by 5° to [100] warrant investigé—
tion. In addition, the dependence of contact resistance ( R. ) on the thickness of
the constituent metal layers and their relative physical positions in ohmic contact
metal is not well established. Some works show that contacts which contain a thin
layer of Ni, which has been depositied on GaAs prior to AuGe and Au, have low
R, with acceptable uniformity®'?. Other works show that contacts which contain

13-15) " Forming

an initial layer of Ge also have low R, and are sufficiently uniform
Ni/AuGe/Au contacts by depositing Ni and AuGe simultaneously has not been fre-
quently discussed in the literature eventhough this process simplifies ohmic contact
fabrication on n-type GaAs since precise control of the metal layer thicknesses is not
required.

In this letter we compare the R, of equivalent Ni/AuGe/Au ohmic contacts on
n-type epi-layers grown using MBE on (111)A GaAs which is misoriented by 5°
toward [100] and on (100) GaAs. From here on (111)A GaAs misoriented by 5°
toward [100] will mostly be referred to as (111)A GaAs.

Si doped n-type epitaxial layers were grown on horizontal Bridgman (H.B.) grown
Cr doped semi-insulating (S.I.) (100) GaAs and on H.B. grown Cr doped S.I. (111)A

GaAs substrates. A 0.5 ym blanket n™ layer was grown on one of the (100) sub-




strates. van der Pauw measurements showed that the carrier concentration of this
epi-layer was 3.09 X 10'® cm~2 and that the carrier mobility was 2.04 X 10® cm?/V's.
On other (111)A and (100) substrates the epitaxial growth structure consisted of
a 500 A nt layer (n ~ 3 X 10'® cm~3) grown on a 5000 A n~ layer (n ~ 2 X
107 cm™3). The epi-layers on these wafers were grown under conditions which are
known to produce n-type GaAs. The n*/n~ structures are used in the development
of recessed gate FETs on (111)A GaAs.

The first step in forming the Ni/AuGe/Au contacts was mesa etching the GaAs.
Metals were deposited onto the mesas via lift off lithography. Before metal depo-
sition, the patterned samples were cleaned in a dilute solution of acid. The con-
centration was fixed at 20 H,O : 1 acid and HCl, H,SO, and H3zPO, were used
in each of three comparison experiments where one sample of the n*/n~ structure
on (111)A GaAs and one sample of the n*/n~ structure on (100) GaAs were pro-
cessed together in order to accurately compare the ohmic contact resistances on
each material. The samples were dipped in the acid solutions for 5 seconds and then
rinsed in flowing D.I. H,O for 3 minutes before being dried with N, and loaded into
the evaporation system. 0.44 grams of a AuGe eutectic alloy ( 12% Ge by weight
) and 0.07 grams of Ni were evaporated simultaneously from the same boat in a
cryogenic pumped resistance heat evaporation system. Evaporation continued until
all of the Ni and AuGe was deposited onto the samples, thus preserving the AuGe
eutectic composition. The deposition power and the delay time between when the
Ni/AuGe liquified and when the deposition began were different in each experiment
so that a variety of contact compositions could be studied. Since the thickness of
each Ni/AuGe layer was 650 A or less, a thicker layer of Au was evaporated onto
the samples immediately following the Ni/AuGe deposition in order to lower the
resistivity of the contact metal. The samples were at ambient temperature and were
rotated while the metals were being deposited. After metal lift off, the samples were
alloyed in a quartz furnace with a Ny ambient at 450C for 5 minutes. Metal layer
thicknesses were measured during deposition using a crystal monitor.

Ni/AuGe/Au contacts were also formed on (100) GaAs which had a blanket MBE
nt layer. This sample was prepared using the same process sequence used in the
comparison experiments but it was processed separately. It served as a control from
which the R, of the contacts containing simultaneously deposited Ni/AuGe on n*
(100) GaAs could be compared to reported R, data for Ni-Ge-Au contacts formed by



depositing separate metal layers on nt (100) GaAs. In addition, another sample of
(100) GaAs with a blanket n* layer (n =~ 3 X 10'® cm™3) was processed separately
with the sequence used for the comparison experiments but it was removed from
the evaporator following the deposition of a thin layer of Ni/AuGe. After metal
lift off current-voltage (I-V) measurements were made to check whether unalloyed,
simultaneously depositied Ni/AuGe is ohmic.

Contact resistance data were obtained by using the transmission line (TLM)
technique %17, Four probe I-V measurements were made with a Hewlett Packard
4145B Semiconductor Parameter Analyzer. The spaces between the contacts of
the TLM structure are nominally 10, 20, 30, 40; 50, 60 and 70 pm, the contact
width is 100 um and the contact length is 70 pm. The contact dimensions and the
spaces between contacts on each TLM structure were measured individually with
a scanning electron microscope. Resistance versus length data were analysed using
least squares regression. The degree of fit of each resistance versus length line to
a linear model was between 0.990 and 1.000. The R, data from the comparison
experiments are plotted in Fig. 1 and all the R, data are listed along with the
contact compositions in table I.

The average R. data within each comparison experiment are very close which
shows that R, does not depend on GaAs crystal orientation and also indicates that
ohmic contacts suitable for device applications can be fabricated on n-type (111)A
GaAs which is misoriented by 5° towards [100}. The R, data of the third comparison
experiment are higher than those of the first two comparison experiments and this
appears to be caused by differences in the surface cleaning processes. Ni/AuGe/Au
ohmic contacts on H3POy treated n-type GaAs have higher contact resistances than
similar contacts on n-type GaAs which has been cleaned with dilute solutions of
H,S0,4 and HCL. This suggests that phosphorous based compounds are attached to
the semiconductor surface after rinsing GaAs following surface cleaning with HaPOy.
During the metal deposition and alloying processes these compounds are incorpo-

rated into the contact metal.



Table I

R. of Ni/AuGe/Au ohmic contacts on n-type (111)A and (100) epi-layers.

Experiment Reqiinya
Number {l-mm
1) 0.035 & 0.009
2) 0.037 4 0.009
3) 0.056 4 0.008

(100) Control sample

(100) Control sample
(After 48 hours at 400°C.)

Re(100)
)-mm

0.030 £ 0.010
0.038 £ 0.004

0:055 £ 0.004

0.020 £ 0.004

- 0.030 £ 0.004

Contact

Composition

650 A Ni/AuGe +
2534 A Au
255 A Ni/AuGe +

1558 4 Au -
585 A Ni/AuGe +
2119 A Au

282 A Ni/AuGe +
1979 A Au

282 A Ni/AuGe +
1979 A Au

0.07

0.06

005

0.0 -

0.03f

Ohmic Contact Resistance (Ohm-mm)

0.02

Surface

Cleanser
HCl
H,S504

H3PO, |

HCl

HCl

0.01

(HIDA - (100)| [(HIHA  (100) [(lll)/\ (100)
1 1 1 1 1 1

Fig. 1 - Ohmic contact resis

surements were made at 295

Experiment 1| [Experiment 2| [Experiment 3

tances from the comparison experiments. All I-V mea-

5 K.




Higher R, variations are observed for contacts on (111)A GaAs in the last two com-
parison experiments. The increase in R. variation between the (100) and (111)A
orientations is 0.004 to 0.005 2-mm. Non-uniformities in the physical distribution
of the contact metal across the (111)A surfaces account for the higher R, variations.
This reflects differences in the smoothness of the (111)A and (100) GaAs surfaces
after being cleaned with dilute H,SO4 and H3PO,4. The R, variations in the first
comparison experiment are virtually identical implying that the smoothness of these
surfaces is equally affected by dilute HCI.

The R, of Ni/AuGe/Au contacts on the (100) GaAs control sample is 0.020 =
0.004 2-mm. After storage at 400°C for 48 hours this R, was remeasured and found
to be 0.030 4 0.004 Q-mm. The difference in R, which is observed before and after
thermal storage is 0.010 Q-mm indicating that ohmic contacts containing a layer
of simultaneously deposited Ni/AuGe are thermally stable. The control sample
R. data is lower than the R, data from the (100) samples used in the comparison
experiments. This is explained by the difference in epitaxial structures on the two
(100) GaAs wafers. The control data was obtained from contacts on a 5000 A nt
epi-layer which was grown on semi-insulating (100) GaAs. The R, data from the
comparison experiments were obtained from contacts on a 500 A nt layer situated
on a higher resistivity 5000 A n~ layer. The portion of the measurement current
which passed through the buried n~ layer encountered this higher resistance which
increased the voltage drop between contacts on the TLM structures. The control
sample R, is typical for contacts which contain a layei‘ of shnultaﬁeously deposited
Ni/AuGe.

R. values of 0.11 Q-mm'V) and 0.074 Q-mm!*¥ have been reported for Ni(50
A)/AuGe(1000 A)/Ni(300 A)/Au(500-1000 A) contacts, on a (100) GaAs sub-
strate doped by SiF* implantation, and Ge(50 A)/Ni(50 A)/AuGe(500 A)/Ag(300
A)/Au(1100 A) contacts, on a single layer of n* Si doped MOCVD grown GaAs.
The associated carrier concentrations are 1.5 X 10'® cm™ and 6 X 10 ¥ ¢m™3
respectively. Since the R, of contacts which contain a simultaneously depositied
Ni/AuGe layer are lower than these values it is believed that control of the position
and thickness of Ni and Ge are not necessary in forming low R, ohmic contacts on
MBE grown n-type GaAs. Furthermore, contacts fabricated with simultaneously

deposited Ni/AuGe are tolerant to variations in metal layer thickness and surface




treatments. The R, data in table I vary from + 8 % to + 33 % of the average
R. values for each experiment. This is comparable to reported R, variations for
contacts which contain Ni, Ge and Au 9111314},

Niy AsGe is responsible for the non-rectifying electrical behaviour of Ni/AuGe/Au
contacts °~1% and Ni,AsGe forms when the contact metallization is alloyed®%12),
During the alloy process a NiAs phase forms near the surface of the GaAs substrate
and & NiCe phase forms in the upper regions of the contact metal, away from the
GaAs surface and Ni;AsGe is formed when Ge diffuses out of NiGe and into NiAs'?).
The extent to which Ni, As and Ge metals react with the GaAs is limited when the
metals are deposited individually because the substrate and one of the metal layers
will always be sep’arated by another metal. By simultaneously depositing Ni and
AuGe onto GaAs, Ni, As and Ge are free to.rea.ct physically and chemically right
from the beginning of contact fabrication. Fig. 2 shows that simultaneously de-
posited Ni/AuGe is not ohmic. However, it presumably contains NiAs and NiGe,
among other metal phases, which are in direct contact with the GaAs surface. The
low contact resistances which result from this process suggest that Ni; AsGe is formed
when contacts containing a co-deposited Ni/AuGe layer are alloyed. The simulta-
neous Ni/AuGe deposition technique ensures that the Ni-As-Ge compounds formed
during metal evaporation distribute across the GaAs surface, which is necessary in
achieving uniform R,.. Since the alloyed metal phases penetrate into the GaAs bulk,
conduction is not controlled by properties of the GaAs surface. This explains why

the R, values of Ni/AuGe/Au ohmic contacts fabricated on both (111)A and (100)

0.007%

GaAs are not affected by differences in surface chemistry.

0.00501.
0.0025 1.

0.00m |

Current (Amps)

-00015 |

~0.0050 1.

-0.0073 LLMJ

-1.0 Ul 06 04 01 0o Ul l]l 06 08 10

VYoltage (Volts)
Fig.2 - Current versus voltage for a 388 A layer of unalloyed, simultaneously de-

posited Ni/AuGe. Measurements were made at 295.5 K between two 225 ym X 270

pm metal pads separated by a 5 um space.



In conclusion, we compared the contact resistance of equivalent Ni/AuGe ohmic con-
tacts on (111)A GaAs misoriented by 5° toward [100] and on (100) GaAs and have
found no appreciable difference. While the contact resistance of alloyed contacts on
MBE grown n-type GaAs is not affected by differences in the semiconductor surface
chemistry, R, uniformity may be affected by differences in GaAs surface chemistry
depending on the surface cleaning process. In addition, low resistance, thermally
stable Ni/AuGe/Au ohmic contacts have been fabricated on n-type GaAs, after HCI
surface cleaning, by depositing Ni and a AuGe eutectic alloy simultaneously from
the same boat of a resistance heat evaporation system, subsequently depositing Au
and then alloying the metal at 450°C. Formation of a variety of metal phases during
metal deposition, particularly NiAs and NiGe from which Ni;AsGe may be easily
formed, is believed to explain why ohmic contacts that contain a layer of simulta-

neously evaporated Ni and AuGe have low R..

1.3) P-type ohmic contacts.

The purpose of my experiments with ohmic contacts on p-type GaAs was to
develop processes which could be used to fabricate the Schottky diodes necessary
for my research of the electrical properties of Schottky barriers on (111) GaAs. All
of my work focussed on using Mn/Au contact metallization.

An extensive study of Mn/Au ohmic contacts has been reported by Dubon-
Chavallier '® et. al.. Compared to Zn/Au contacts, Mn/Au contacts exhibit lower
contact resistivity 1#1%. Also, Mn does not appear to diffuse into GaAs as much-as
Zn does 319, Diffusion of the dopant species needs to be minimized in devices like
heterojunction bipolar transistors where the p-type ohmic layers are thin, like 1000
A. If contact metal dopants diffuse through such layers device performance will be
degraded.

The issue of device performance does not concern ATR. at this moment since we
are not developing specific devices. However, I did not want to develop processes
which could not be used successfully in device development work. So I chose to work
with Mn based p-type ohmic contacts because I believe that they offer advantages

to the traditional Zn/Au metallization.




The first matrix experiment was done to determine the best alloy time and tem-
perature for Au/Mn contacts consisting of 4 weight % Mn. A 0.5 um Be doped GaAs
layer was grown on (100) GaAs by MBE. van der Pauw measurements showed that
the conductivity was p-type, the carrier concentration was 1.32x10'® cm™2 and the
carrier mobility was 72.2 cm?/Vsec. Ohmic TLM test structures were first formed
by mesa etching. Mn and Au were depoﬁted using lift off lithography. No surface .
cleaning was done before loading the samples into the deposition system. The target
metal thickness were 208 A for Mn and A for Au and the target Mn content was
3.85 % by weight. The actual Mn thickness was 221 A and the Au thickness was
2154 A. The Mn content was 3.80 % by weight. One sample was left unalloyed and
the remaining 5 samples were alloyed at 400°C for differing lengths of time, varying
from 5 to 17 minutes. R, data were obtained using the TLM method and they and
are shown in table II.

Table 1T
Effect of Alloy time on R, for Au/Mn contacts.

Alloy Conditions R, (-mm)
Unalloyed 0.117
400°C/5 min 0.099
400°C/7 min 0.087
400°C/9 min 0.092
400°C/11.6 min 0.094
400°C/17 min 0.101

Two additional samples were prepared and they were alloyed for 7 minutes at
different temperatures. R, data is contained in table III.
Table II1
Effect of Alloy Temperature on R, for Au/Mn contacts.

Alloy Conditions R, (©-mm)
375°C/7 min 0.099
400°C/7 min 0.087*
425°C/7 min 0.099

* comes from the previous table.
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The lowest R, value in table III resulted when the contacts were alloyed at 400°C
for 7 minutes. These alloy conditions give the lowest R, values of all the alloy con-
ditions studied in tables IT and III. The R, values are all in the vicinity of 0.1 Q-mm
which indicates that small variations in the alloying conditions do not drastically
increase R, on highly doped p-GaAs. One important feature of Mn/Au contacts is
that they do not need to be alloyed in order to become non-rectifying. Low resis-
tance ohmic contacts can be formed simply by depositing the Mn and Au in the
right proportions.

Additional experiments were done to compare Mn/Au ohmic contact properties
on p-type epitaxial (111)A GaAs and on p-type epitaﬁial (100) GaAs. One goal of
this work was to study the effect of reducing the alloy time and increasing the alloy
temperature. As a control, one sample of highly doped (100) material was included
in this experiment. Sample preparation was the same as described in the appendix.
These samples were cleaned in 10:1 H,O:HCI for 5 seconds and then rinsed in flow-
ing D.I. H,O for 3 minutes before ohmic metal deposition. The results are shown in

table IV.

Table IV

Mn/Au Ohmic contact comparison experiment

Sample/ Contact Alloy R,

Carrier Composition Conditions Q-mm
Concentration

(cm™?)

(100) 1x10%° 1724 Mn/1586A4 Au  450°C/2 min  0.094
(111)A 3x10%7 1724 Mn/15864 Au  450°C/3 min 0.824
(100) 3x10'7 172A Mn/1586A Au  450°C/3 min 0.644
(111)A 3x10%7 220A Mn/20104 Au  450°C/4 min 1.91
(100) 3x10%7 220A Mn/2010A Au  450°C/4 min . 2.48

I have found that Mn/Au ohmic contacts on low doped p-GaAs are very sensitive

to alloy time, as is indicated in table I'V.
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2) SCHOTTKY CONTACTS

2.1) A Brief Description of Schottky Contacts.

Schottky contacts are rectifying contacts where only very low currents can flow

over a finite range of voltages. They consist of metals on specular semiconductor

3 or

surfaces, where the carrier concentration of the semiconductor is 5x10'7 c¢cm~
less. In order to establish thermal equillibrium, the Fermi level of both materials
must be equal. This results in charge exchange between the metal and the semi-
conductor which causes a built-in voltage to be present near the interface. This
voltage is distributed between the semiconductor surface and a finite distance into
the semiconductor, typically a few hundred angstroms. Iree carriers do not exist
in this space and it is therefore known as a depletion region. Schottky contacts are
effectively barriers to current flow. A representative linear I-V characteristic for a
Ni/Au Schottky contact on n-type (111)A GaAs is shown in Fig. 3.
(mA)

75.00

15.00
/div

-75.00
-7.360 0 .8200
VF .8200/div (V)

Fig. 3 - Linear I-V characteristic for Ni/Au on n-type (111)A GaAs.

The current density Schottky contacts is described by:

—q%s 14 kT
X hereV > (—
T e\p(nkT)’ whereV > ( p ) (5)

J is the current density in the contact, T is temperature, ¢ is the electron charge, #;

J = A*T? exp(

12



is the barrier height of the contact, k is the Boltzmann constant, V is applied voltage
and n is the ideality factor. The physics of current transport at metal semiconductor
junctions is described in great detail in Ref. 23 and general aspects of this subject

are not presented in this report.
2.2) Schottky Contacts on P-type (111)A GaAs.

The properties of metal-GaAs interfaces have been studied in great detail, because
research on the dependence of Schottky barrier heights upon metal work functions
is crucial in increasing the applicability of GaAs electronic devices, particularly
GaAs Field Effect Transistors (FET). Since most studies of Schottky barriers on
GaAs have been conducted on (100) GaAs substrates or on epitaxial layers grown
on (100) GaAs substrates, the properties of metal contacts on other GaAs sur-
faces, such as the (111)A surface, have not been widely reported. We have recently
succeeded in growing p-type Si-doped GaAs layers with mirror-like surfaces and re-
producible electrical properties on (111)A GaAs substrates, using molecular beam
epitaxy (MBE)ZO). We have begun to investigate the properties of opto-electronic
devices constructed on MBE grown lateral p-n-p junctions on (111)A GaAs?V. It is
now important to study the properties of electrical contacts on epitaxial GaAs, with
carrier concentrations suitable for FET fabrication, grown on (111)A GaAs using
MBE. _

In this letter, we investigate the properties of Ti/Au Schottky contacts deposited
on a p-type Si-doped MBE GaAs layer grown on a (111)A GaAs substrate and
compare them to equivalent contacts on a p-type Be-doped MBE GaAs layer grown
on a (100) GaAs substrate.

The diodes used in this study were fabricated on p-type epitaxial GaAs which was
grown on Cr-doped, horizontal Bridgman grown, semi-insulating (111)A and (100)
GaAs substrates. The first step in diode preparation was the isolation of portions of
the epi-layers using mesa etching. Subsequently, Mn/Au ohmic contacts consisting
of 4 weight % Mn were evaporated onto a photoresist lift off patterﬁ. After metal
lift off, the samples were alloyed at 450°C for 3 minutes in a Ny ambient. The
Schottky barriers were formed, via lift off, by evaporating 100 A of Ti, followed
directly by 2000 A of Au. The deposition rate of Ti was 1 A per second and the
Au deposition rate was 10 A per second. The Schottky junctions consisted of Ti

on p-GaAs. Au was deposited in order to prevent oxidation of the Ti and to lower

13




the series resistance of the Schottky diodes. Immediately before loading the samples
into the evaporator for Schottky metal deposition, one sample of each material was
cleaned in 20:1 H,O:H,SO4 for 10 seconds at room temperature and one sample of
each material was cleaned in 20:1 H,O:H3P Oy for 10 seconds at room temperature.
All samples were then rinsed in flowing D.I. Hy0 for 3 minutes and dried with N,. All
samples were processed simultaneously in order to eliminate process variability from
the experimental results. The Schottky and ohmic contacts were deposited using
resistance heat evaporation. The substrates were at ambient temperature during all
metal deposition runs.

Carrier concentrations and carrier mobilities were measured using the van der
'Pauw technique, which also confirmed p-type conductivity in both epi-layers. Current-
voltage (I-V) measurements were made with a Hewlett Packard 4145B Semiconduc-
tor Parameter Analyzer and capacitance-voltage (C-V) measurements were made
with a Hewlett Packard 4280A Capacitance Meter. C-V measurements were made
at 1 MHz with an ac signal of 30 mV.

Barrier heights were calculated from forward bias I-V data using the thermionic

emission model for current transport at a metal-semiconductor interface??,
PBp = —]E—fz—ihl ﬂ, for V > 3@—-1: (6)
¢ | g
A* is the effective Richardson constant and J, is the forward current density at zero
bias. J, values were determined by a least squares fit of the linear portion of the -V
data above V = 3%. The effective Richardson constants for p-type (111)A GaAs
and p-type (100) GaAs are different due to the differences in the light hole effective

mass (m*j,) and the heavy hole effective mass (m*,) between these two surfaces.

For p-type semiconductors, A** is calculated by using?*?3):
AT mp +myy, drm*qk?
= where A™ = ———— 7
Yl m— vhere 7 (7)

A is the value of A** calculated with m* equal to m,, k is the Boltzmann constant,
h is the Planck constant and m, is the electron rest mass, m*4x(111)4 = 0.90m, 5)
and m*jx(111)4 = 0.08m, ®). For p-type (111)A GaAs A** = 117.8 Acm?K~2. For
p-type (100) GaAs A** = 74.4 Acm~2K~2 2229,

A log-linear plot of current density versus forward bias for the diodes used in
this study is shown in Fig 4. Lines are fitted to the data which lie above V = 35}.
The current densities of Ti/Au contacts on the epi-layer grown on (111)A GaAs are
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consistently lower than for identical contacts on the epi-layer grown on (100) GaAs.

This results in lower J, values and higher barrier heights for contacts on the (111)A

epi-layer. Although the cwrent densities of contacts on HzPO, treated surfaces are

slightly lower than on H,SOy treated surfaces, the I-V barrier heights are not greatly

affected by the different surface cleaning processes.

Current Density (A/em )
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Fig. 4. Logarithm of forward current density versus forward bias for Ti/Au Schot-

tky contacts on p-type epitaxial GaAs grown on (111)A and (100) GaAs, measured

at 295.5 K.

Assuming one-sided step-junction behaviour of the metal-GaAs junctions, the bar-

rier heights were also calculated from reverse bias C-V data using??:

¢BP = IV;[ + Vp

(

8)

V; (or diffusion potential) is the voltage intercept from a least squares fit of 1/C?

versus reverse bias data. V), is the difference between the Fermi level and the valence

band in the bulk of the semiconductor. Based on the sample carrier concentrations

and the m*;, and m*,, data for GaAs?2242%)

(111)A and (100) GaAs are calculated using??:

Vp:Ef—— 'v:'—“‘hl"“"‘—

q

(

V, values for p-type epi-layers on

9)

Nv 1s the density of states in the valence band and Na is the acceptor concentration

of the GaAs. For the epi-layer on (111)A GaAs V, = 0.110 eV and for the epi-layer

on (100) GaAs V, = 0.075 eV.

A plot of 1/C? versus reverse bias for the diodes used in this study is shown

in Fig 5. Higher diffusion potentials are observed for Ti/Au contacts on epitaxial
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GaAs grown on (111)A GaAs and this results in higher barrier heights for Ti/Au
contacts on GaAs grown on (111)A GaAs. The diffusion potentials of contacts on
H,SO, treated GaAs are higher than those observed on H3PO4 treated GaAs. The

difference in surface cleaning processes has a small, measureable effect on the C-V

barrier heights. ‘
O (170, restcd GaAs on (111)A
+1L50, tested Gahs an {1(1)A
A 1110 trested GoAs oa (100)
O 11,50, sreared Gahs on (100)

)

3
L’

2 ¢ ) ‘
01 06 04 01 00 01 04 06 OK 10

Vollage (Volls) )
Fig. 5. 1/(Capacitance)® versus reverse bias for Ti/Au Schottky contacts on p-

type epitaxial GaAs grown on (111)A and (100) GaAs, measured at 295.5 K.

Ta‘bl?__yv__ Epitaxial Tayer characteristics and ¢orrespoiiding cléctrical properties of the Ti/ Au Scholiky contacts.

On (11 1)A GaAs On (100)GaAs
Characteristics of the p-type epilaxial layers. i
Carricr Concentration (cm™?) 2.85% 10" (Si) 3.65% 10" (Be)
Carricr Mobility (ecm?/V-s) 179 157
Layer Thickness (pm) 0.5 ' 1.6
Electrical data [rom Ti/Au contacts
on p-lype epitaxial GaAs grown by MBE,
Surface cleaning reagent 11,50, H; PO, 14,50, H, PO,
J, (A/cm?) —4.52% 107" —2.69% 107" —2.23% 107} —1.96% 1077
tdealily factor i .09 .06 1.06 1.05

v

¢,," (cV) 0.61 0.62 0.56 0.56
V,‘(V) -0.61 —0.58 —0.53 —0.51
#a. (V) , 0.72 0.69 0.61 . 0.59
Ay (B0, — i) (V) 0.11 0.07 0.05 T 0.03

Notes:

1) (kT/q)=0.0255cV al 295.5 K,

" 2)  All measurements were made on 7.01 % 107* em? diodles.

3) The uncertainty in ¢y, values is 0.01 ¢V, excepl (or r/;j,': on 11,80, treated GaAs on (111A GaAs. This uncerlainty is 0.02 eV,
4) The uncertainty in the n values is 0.005.

16



Epi-layer characteristics and a summary of the results shown in Iigs. 4 and 5 are
contained in Table V. The main result is that the Schottky barrier heights of Ti/Au
contacts on p-type epitaxial GaAs grown on (111)A GaAs are consistently higher
than the barrier heights of identical contacts on p-type epitaxial GaAs grown on
(100) GaAs. The C-V barrier heights are 0.11 eV - 0.10 eV higher. The I-V barrier
heights are 0.06 eV - 0.05 eV higher.

The effect of the difference in carrier concentration between the samples is ex-
plained as follows. The carrier concentration of the Si-doped epi-layer on (111)A
GaAs is about 1.3 times lower than the Be-doped epi-layer on (100) GaAs. A -V
barrier height of 0.56 eV for Ti on p-type (100) GaAs with a carrier concentration
of 8x10'® cm™2 has been reported by Waldrop?®. The carrier concentration of the
(100) epi-layer used in our experiment is more than four times higher than that used
by Waldrop and yet the I-V barrier heights on our (100) epi-layer agree exactly with
his value. Therefore the smaller difference between the carrier concentrations of the
(111)A epi-layer and the (100) epi-layer has no influence on the difference in the
Ti/Au barrier heights. Differences in the properties of the Ti/Au contacts may be
solely attributed to differences in the surface crystal structure between the (1lle
epi-layer and the (100) epi-layer. Agreement between our I-V barrier height data
for Ti/Au on a p-type epi-layer on (100) GaAs and the I-V barrier height for Ti on
p-type (100) GaAs, reported by Waldrop, also shows that Ti governs the electrical
properties of the metal-semiconductor barrier in the Ti/Au contacts.

A comparison between our data and the ideal dependence of Schottky barrier
heights on metal work functions for p-type GaAs, using data reported by Duke and
Mailhiot?”, is shown in Fig. 6. The solid line represents the dependence of Schot-
tky barrier heights on metal work functions for metal - p-GaAs interfaces where the
defect densities are low enough to have no influence on the barrier heights. The
vertical dotted line connects the relation between Schottky barrier heights to the
metal work function of Ti, indicating that the highest possible barrier height for Ti
on p-GaAs is about 1.11 eV. The horizontal dotted lines show the range between
the highest ¢BPC“V and the lowest QSBPI“V which are observed for Ti/Au contacts
on each epi-layer. For Ti/Au on the (111)A epi-layer 0.72 eV > ¢p, > 0.61 V. For
Ti/Au on the (100) epi-layer 0.61 €V > ¢p, > 0.56 V. |
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Fig. 6. The ideal relation between Schottky barrier height and metal work function
for p-type GaAs. The horizontal dotted lines indicate the range between the highest
and the lowest barrier height observed on each epitaxial layer. The vertical dotted

line connects the ideal Schottky relation to the work function of Ti, which is 4.3 eV
22)

A lower defect density at the Ti-GaAs interface of the Ti/Au contacts on the epi-
layer on (111)A GaAs qualitatively explains why the barrier heights of Ti/Au con-
tacts on this material are closer to the ideal Schottky relation and consistently higher
than the barrier heights of identical contacts on the epi-layer grown on (100) GaAs.
The term defect density refers to three phenomena. The first phenomenon is sur-
face states which exist at the GaAs surface prior to metal deposition. The second
is disruptions in the surface crystal structure of GaAs due to radiation damage en-
countered during the metal deposition process. The third is the products of chemical
reactions that occur at metal-GaAs interfaces during metal deposition. Since the
Schottky contacts used in this work were all deposited together, it is believed that
the physical disruption of both GaAs surfaces during metal deposition was identi-
cal. Differences in the electrical properties of the Ti/Au contacts are due to both
differences in the surface state densities of the p-type epi-layers on (111)A and (100)
GaAs and differences in the chemical reactions which occur at the Ti-GaAs inter-

faces of Ti/Au contacts on these epi-layers. The surface state density and surface
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reactivity of GaAs surfaces depend on surface crystal structure.

The surface of MBE grown (111)A GaAs is predominantly terminated with Ga
atoms: The surface of MBE grown (100) GaAs is terminated with both Ga and As
atoms. As surface atoms have an unshared pair of electrons which are free to react
with metal overlayers. Since Ga surface atoms have no free electrons, Ga can not
react easily with metal overlayers. The Schottky barrier heights of contacts on Ga
terminated GaAs are closer to the ideal Schottky relation, compared to the barrier
heights of equivalent contacts on a surface containing As, because surface Ga atoms
do not react extensively with metal overlayers. This leads to metal-GaAs interfaces
which are freer of chemical compounds that could distort the thermionic emission
process. The higher reactivity of As terminated GaAs has been discussed previously
by Chang et al.®). Xu et al.?® have shown that Ti reacts with As on (100) GaAs
to form TiAs.

The ideality factors in table V are calculated based on data in Fig. 4 using:??

g AV
"EETAInJ, (10)

Rideout and Crowell have established the following relation between the ideality fac-
tor and image force barrier lowering, or A¢g, when thermionic emission dominates
conduction in a metal-semiconductor contact®®, as is the case for Schottky contacts.
27172
;{lthermionic =1- i—gf, where B, = N—;Z;:g*
N, is the semiconductor carrier concentration, W is the depth of the depletion region
beneath the metal contact, k; is the dielectric constant of the semiconductor and e,
1s the vacuum permittivity. The C-V barrier height of equation 10 represents the
theoretical barrier height of a metal-semiconductor contact. The I-V barrier height
represents the minimum energy for thermionic emission and it does not necessarily
equal the C-V barrier height. It may be lower. Therefore the difference in C-V and
I-V barrier heights (ie. A¢p,) is a measure of barrier lowering.

On each epi-layer, where E; of equation 11 is a constant, the larger barrier lower-
ing observed for H,SO, treated GaAs resulted in higher ideality factors, as predicted
by equation 11.

On each epi-layer, the diffusion potentials of contacts on H,SO4 treated GaAs are
higher than for HsPO, treated GaAs. This means that the interface charge density

of Ti-GaAs junctions on samples treated with H,SOy is higher. Excess charge in the
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junctions explains why the current density of contacts on H,SO, treated GaAs is
also slightly higher compared to contacts on H;PO, treated GaAs. Since this extra
charge causes both higher diffusion potentials and higher current densities it there-
fore causes larger differences between C-V and I-V barrier heights. This explains
why larger barrier lowering is observed for contacts on H,SO, treated GaAs, which
in turn explains why contacts on H,SO, treated GaAs have higher ideality factors.
Different surface treatments may cause differences in the surface stoichiometry of
GaAs. Phosphorous and sulphur based impurities may have been left on the GaAs
surfaces prior to metal deposition. The increase in charge density in contacts on
H,50, treated GaAs may be influenced by both of these phenomenon although this
can not be quantified. We show that surface cleaning with dilute HsPO,4 produces
contacts with lower ideality factors, which therefore represent more ideal metal-
semiconductor junctions.

In conclusion, we compared the Schottky barrier heights of Ti/Au contacts on
p-type epitaxial GaAs layers grown on (111)A and (100) GaAs substrates and have
shown that contacts on epitaxial GaAs on (111)A GaAs have higher barrier heights.
Differences in the barrier heights of the Ti/Au contacts on different GaAs surfaces
may be qualitatively explained by the fact that Ga terminated GaAs surfaces are less
reactive with metals, compared to surfaces which contain As. This results in lower
defect densities at metal - Ga terminated GaAs interfaces. We have also studied the
effect of cleaning GaAs surfaces with dilute solutions of H3PO, and H,SO4. Surface
cleaning with dilute H3PO, results in more ideal metal-semiconductor interfaces.

The Ti/Au contacts discussed above were fabricated on the surface of MBE p-
type (111)A GaAs. Table VI contains dlata’ for Pt, Ni and Cr contacts which were
formed epitaxial p-type GaAs which was recessed. The results in table VI will be

discussed at the end of the next section.



Table VI Properties of Schottky Contacts on p-type (111)A GaAs.

Metal ¢BPI_V .]s n Vbi ¢BPC_V A¢Bp
eV A /cm? Vv eV eV
Pt 0.29 7.28 X 10° > 2 — — —
Ni 0.49 5.04 X 1073 > 2 0.49 0.57 0.08
> 9 0.62 0.70 0.26

Cr 0.44 2.15 X 1072

2.3) Schottky Contacts on N-type (111)A GaAs.

The high surface state density which is characteristic of GaAs leads to a relatively
weak dependence of Schottky barrier height upon metal work function for metal-
GaAs contacts. Most studies describing the properties of rectifying contacts on
n-type GaAs present data for the (100) GaAs surface, which is one of the GaAs
surfaces that contains arsenic atoms. In contrast, the electrical properties of recti-
fying contacts on n-type (111)A GaAs, a surface that is galllum terminated, have
not been widely reported. Since the gallium atoms on the (111)A surface are in
a threefold bonding configuration there are no free electrons which can react with
metal overlayers. Arsenic atoms on the (100) surface have unshared electrons that
are free to react with metal overlayers. The lower reactivity of the (111)A GaAs
surface is believed to result in lower interface surface state densities in metal-(111)A
GaAs contacts, compared to contacts on GaAs surfaces which contain arsenic atoms.

Epitaxial growth of Si doped n-type GaAs on (111)A GaAs substrates and on
(111)A GaAs substrates which are misoriented by 1°, 3% and 5° toward [100] using
molecular beam epitaxy (MBE) has been demonstrated®) and specular epi-layers
with reproducible electrical properties can be grown routinely on (111)A substrates
which are misorented by 5° toward [100]. It is therefore possible to study the prop-
erties of rectifying contacts on n-type (111)A GaAs with epitaxial growth struc-
tures and diode fabrication processes that are used to develop electronic and opto-

electronic devices.




This letter reports the first observations of Schottky barrier heights on n-type Si-
doped MBE GaAs grown on (111)A GaAs. By fitting a straight line to the Schottky
barrier height versus metal work function data for Pt, Ni and Cr the surface state
density of the n-type epitaxial layer has been estimated.

The diodes used in this study were fabricated on n-type epitaxial GaAs which
was grown by molecular beam epitaxy on Cr-doped, horizontal Bridgman, semi-
insulating (111)A GaAs which is misoriented by 5° towards [100]. The epitaxial
structure consists of a 500 A nt layer (n ~ 3 X 10'® cm~3) grown on a 5000 A n~
layer. The carrier concentration of the n~ layer was found to be 2.04 X 107 cm™3
using the van der Pauw technique and this also confirmed n-type conductivity.

The first step in diode fabrication was device isolation using mesa etching. Ohmic
contacts were formed by depositing the Ni/AuGe/Au onto a photoresist lift off pzit—
tern and after metal lift off the samples were alloyed at 450°C for 5 minutes in a
N, ambient. The Schottky barriers were also formed using metal lift off. In order
to deposit the Schottky metals on the buried n~ layer, the samples were etched in
2:8:1000 HF:H,049:H,0 while the lift off photoresist pattern was in place. The n*
material in the exposed regions of the photoresist pattern was removed thus forming
a recess into which the Schottky metals could be deposited. The samples were then
cleaned in 20:1 H,O:H3PO,4 for 10 seconds at room temperature, rinsed in flowing
D.I. H,O for three minutes, dried using N, and immediately loaded into a cryogeni-
cally pumped, resistance heat evaporator. Three samples were fabricated separately
and the Séhottky contacts consisted of Pt(200 A)/Au(2000 A), Ni(200 A)/Au(2000
A) and Cr(200 A)/Au(2000 A). Au was deposited in order to prevent oxidation of
the 200 A barrier metal layers and to lower the diode series resistance. The samples
were at ambient temperature and were rotated during all metal deposition runs.

Capacitance-voltage (C-V) measurements were made from 0 to -1 volts using
a Hewlett Packard 4280A Capacitance Meter. The measurement frequency was 1
MHz and the amplitude of the ac signal was 30 mV. Current-voltage (I-V) measure-
ments were made from 0 to 0.5 volts using a Hewlett Packard 4145B Semiconductor

Parameter Analyzer. Barrier heights were calculated from C-V data using®?
¢B'n. = %i + ‘/n (12)

Vy, is the voltage intercept from a least squares fit of 1/C? versus reverse bias data

and V,, is the difference between the Fermi level and the conduction band in the bulk
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of the semiconductor. Based on the sample carrier concentration V,, equals 0.02 eV.
Barrier heights were also calculated by analysing the -V data with the thermionic

emission model for current transport at a metal-semiconductor interface®?.

kT . A**T? kT
¢Bn = — In T for V> 3— (13)
q q

J,, the forward current density at zero bias, was determined by a least squares fit
of the linear portion of the forward bias I-V data above V = 3(kT/q). T represents
the measurement temperature and A** is the effective Richardson constant, which
equals 8.16 A-cm™2.K~? for n-type (111)A GaAs®?. The results are contained in
Table VII.

Table VII

Electrical Properties of Pt, Ni and Cr Schottky Contacts on n-type (111)A GaAs.

Metal ¢BnC—V Vbi ¢Bn1~V Js n AQZSBn qsmetal

(eV) (V) (eV) (A/cm?) (eV) (eV)

Pt 0.90 0.88 0.73 3.04 X 1077 1.15 0.17 5.68

Ni 0.87 0.85 0.67 2.63 X 1078 1.18 0.20 5.27

Cr 0.68 0.66 0.56 2.15 X 10’"4 1.16 0.12 4.50
Notes:

1) The uncertainty in the ¢p, data is 0.01 eV except for ¢g,’~" for Pt and Ni where
the uncertainty is 0.02 eV.

2) (kT/q) = 0.0255 eV at 295.5 K.

3)

4) Adpn = ¢Ba""" — ¢B. IV

5) @metar data were obtained from Ref. 32.

All measurements were made on 7.01 X 10~ c¢m? diodes.
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Assuming that a metal-semiconductor contact on a cleaned n-type semiconductor
surface has an interfacial layer which is thin enough to be transparent to electrons
and also assuming that the surface state density at the metal-semiconductor interface
is an exclusive property of the semiconductor, the dependence of Schottky barrier

height upon metal work function (¢,,) may be modelled as follows323?)

$Bn = C3* Pm + C3 (14)
The constant c; is related to the surface state density D, by®?

1 |
p,~11 x 101 U= | (15)

,C2

A plot of ¢5,°~" versus ¢,, is shown in Fig. VII and a least squares fit of these

data gives
¢pn = 0.194 - ¢, —0.183 | (16)

The degree of fit between Eq. (14) and a straight line is 0.95. By using c; = 0.194
in Eq. (4) the surface state density of MBE grown n-type (111)A GaAs is estimated
to be 4.57 X 10 4 1.14 X 10"? cm~2-eV~l. Since ¢,V data is not affected
by imagevforce effects, and therefore more closely represents the true barrier height

than the ¢p,’~" data, it has been used in deriving Eq. (16).
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Iig. 7 - Schottky barrier height versus metal work function for Pt, Ni and Cr
on n-type (111)A GaAs, measured at 295.5 K.

A D, value of 6.5 X 10*® cm~2.eV~! has been reported for VPE (100) GaAs®#). The

24



uncertainty in this value is calculated to be & 2.60 X 10'? cm~2-eV~!. By applying
Eq. (14) to the ¢p,“~" data reported in Ref. 35 for Ni, Cr and Bi on LEC (100)
GaAs a D, value of 7.15 X 10*® 4+ 7.5 X 10" cm~2.eV~! is calculated. Ref. 35
contains Schottky barrier height data for several metals. Eq. (14) has been applied
to three points from this data which cover the widest range of metal work functions
and which also correspond to the metals studied on (111)A GaAs. A D, value of
1.25 £+ 1.0 X 10'* cm™2-eV~! has been reported for (110) GaAs®®. The estimate of
D; for (111)A GaAs is lower than D, values of GaAs surfaces which contain arsenic
and this implies that Schottky barrier heights on (111)A GaAs show a stronger de-
pendence on metal work function and are less influenced by Fermi level pinning than
Schottky barriers on GaAs surfaces that contain arsenic.

The constants c; and c3 of Eq. (14) are related to the surface energy level (¢o)
by32)

5 By cxteat Ad
0= —2
q

S | (17)
E, is the semiconductor band gap (1.42 eV for GaAs at 295.5 K), x is the electron
affinity of the semiconductor (4.07 for GaAs®>3¥) and A¢ represents barrier lowering
due to image force effects. By substituting ¢, = 0.194, c¢3 = — 0.183 plus the Ag¢p,
data from Table VII into Eq. (17), q@o = 0.47 £ 0.10 eV is observed for (111)A
GaAs. For Refs. 34, 35 and 33: q¢o equals 0.43 £ 0.10 eV, 0.46 £ 0.08 eV and 0.53
4 0.33 eV respectively. The surface energy level of n-type (111)A GaAs is similar
to that of n-type (100) GaAs and lower than the qg¢y value for (110) GaAs which is
presented in Ref. 33.

The ideality factors in Table VII were calculated using®?
g AV

kT Aln J;

(18)

n

They are higher than 1.02 - 1.04, which correspond to ”ideal” metal contacts on
n-type GaAs. In addition, they are higher than the previously reported n value
of 1.06 for Ti/Au Schottky contacts on p-type MBE grown (111)A GaAs, which
were also fabricated using a dilute H3P O, cleaning process prior to Schottky metal
deposition®®. The contacts discussed in this letter were deposited into recesses unlike
the Ti/Au contacts on p-type (111)A GaAs described in Ref. 36. It is believed that
the HF based recess etch introduced microscopic roughness on the surface of the n~

layer onto which the Schottky contacts were deposited. This appears to have caused




physical disruptions in the metal-semiconductor interface which has resulted in high

ideality factors.

Surface roughness introduced by recess etching is not believed to have influenced
the values of D, and q¢o. These parameters are determined by the chemistry of the
(111)A surface. Since the Schottky diodes were fabricated on epitaxial GaAs which

was grown on a (111)A GaAs substrate which is misoriented by 5° toward [100],

the D, and q¢g values have been measured on a surface which contains microsteps®!

and is not truly planar. The main observation from our data is that the surface

state density of a gallium terminated, non-planar GaAs surface is lower than the

surface state density of planar GaAs surfaces that contain arsenic. This is explained

by differences in surface chemistry which lead to differences in reactivity between

GaAs and metal overlayers.

In‘rconclusion, we have measured the Schottky barrier heights of Pt,. Ni and Cr
on Si doped n-type GaAs grown by MBE on a (111)A GaAs substrate which is mis-
oriented by 5° toward [100]. By fitting a straight line to a plot of Schottky barrier

height versus metal work function we have estimated that the surface state density

of the n-type epi-layer is 4.57 X 103 cm=2.eV~!. This is lower than D, values for
the (100) and (110) GaAs surfaces implying that the dependence of Schottky bar-

rier heights upon metal work functions is stronger on (111)A GaAs than on surfaces

which contain arsenic atonis.

Experiments similar to those described above and in the previous section have been

done with Ti/Au contacts on n-type GaAs. Table V }{l contains data from 3

comparison experiments.

Table VIII Properties of Schottky Contacts on nt/n~ GaAs.

Sample

1)Ti/Au/HCI/(111)A
1)Ti/ Au/HCI/(100)

¢B I-v
eV

0.60
0.63

0.58
0.64

n

1.10
1.11

1.12
1.13

26

¢Bnc_v
eV

0.78
0.84

0.74
0.82

VB

0.77
0.83

0.74
0.81

AQSBTL
eV

0.18

.0.21

0.16
0.18



3)Auon (111)A 0.67 1.86 - . _
3)Au on (100) 0.73 2.74 _ . _

In table VIII, the samples are identified by the type of Schottky metal, the surface
cleaning reagent and the GaAs surface on which the contacts were depositied. The
barrier heights of Ti/Au contacts on n-type (100) are higher than the barrier heights
of equivalent Ti/Au contacts on (111)A 5° to [100]. The Schottky relation for metals
on GaAs predicts that the barrier height fo Ti on n-type GaAs should be about 0.23
eV. Therefore the barrier height of Ti on n-type (111)A GaAs is closer to the ideal
Schottky relation than the barrier height of Ti on n-type (100) GaAs. This may be
explained by the same argument which was used for Ti/Au on p-type GaAs. (111)A
GaAs is Ga terminated. Ga surface atoms do not have extra electrons which can
react with metals. (100) GaAs has a mixture of Ga and As atoms at the surface.
Since As surface atoms have an unshared pair of electrons they can react with metal
overlayers. Chemical reactions between As surface atoms and metal overlayers form
compounds which can distort the thermionic emission process.

The ideality factors in tables VIII appear to have been influenced by the HF
based recess etch which was used in the diode fabrication process. This is similar to
the data presented in table VII.

By adding the C-V barrier heights for Cr and Ni on both n-type and p-type GaAs,
presented in tables VI and VII and by adding the same data for T1i, presented in

tables V and VIII we observe that the following relation is observed.
Eg - ¢Bn + ¢Bp ' (19)

Using Cr and Ni data obtained from H3PO, cleaned (111)A GaAs and using Ti data
from HySOy4 cleaned (111)A GaAs:

Ni- ¢pn + ¢Bp, = 0.87 eV + 0.57T eV = 1.44 eV

Cr- ¢pn, + ¢, = 0.68 eV 4 0.70 eV = 1.38 eV

Ti- ¢pn + ¢, =0.74 eV 4+ 0.72 eV = 1.46 eV

E, for GaAs is 1.42 eV at 295.5K, the temperature at which all of my I-V and C-V
measurements have been made. Within experimental error eq. 19 is observed to be

true for Ni, Cr and Ti on (111)A GaAs.
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3) Field Effect Transistors on (111)A GaAs.

Once working ohmic and Schottky contacts can be fabricated the, properties of
working devices may be studied. A full description of FETs appears in ”Physics of
Semiconductor Devices” by S.M. Sze. General aspects of FETs are not discussed in
this report.

Several attempts have been made to fabricate simple FETs on n-type and p-type
(111)A GaAs and compare their d.c. properties to those of FETs on (100) GaAs.
While it has been possible to make FETs which modulate channel current, current
saturation has not been achieved. The surface morphology of epitaxial GaAs on p-
type (ill)A GaAs and on n-type (111)A 5° towards (100) GaAs is smooth enough
to successfully form Schottky contacts. Undoped buffer layers, which have not yet
been demonstrated on (111)A FET structures grown at ATR, are necessary for high
performance FETs. All FETs discussed in thos report are recessed gaté FETs where
the ohmic contacts are situated on a high doped epitaxial layer (p¥ or n* ~3-5X
10*® cm~?) and the gate contacts are situated on a low doped epitaxial layer ( p~ or
n~ ~ 2 -3 X 10" cm™?). In addiition, the gate metal used for all of these studies

was Ti(100 A)/Au(2000 A).

3.1) FETs on P-type (111)A GaAs.

FETs with Ti/Au gates and Mn/Au ohmic contacts have been studied in detail.
Since the all the experimental results are similar only a few data will be discussed
in detail.

FETs have been constructed by first using mesa etching to isolate individual
devices. Au/Mn ohmic contacts were deposited as outlined in appendix 1 of this
report. Ti/Au Schottky contacts were subsequently deposited as described in ap-
pendix 1 of this report. A plot of drain current versus gate voltage is shown in Fig.
8. For voltages greater than -0.25 volts the drain current is zero, or the device is
off. For voltages lower than -0.25 volts the drain current gradually increases and the
device is on. For gate voltages above the threshold voltage, the transconductance
(gm) of the device increases up to a maximum value. There are two problems with

these data.
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Fig. 8 Drain current and transconductance versus gate voltage for a 3 pm X 275

pm FET on p-type (111)A GaAs.

First, the drain current is positive.v This suggests that the electron current is
being measured. For FETs on p-type GaAs drain current should be negative, since
the carriers are holes: The second problem is that the gain is extremely low. The
peak gain is about 2 mS/mm. The g,,-of FETs on p-type GaAs should be near 21
mS/mm. A plot of drain current versus source drain voltage is shown in Fig. 9. For

voltages greater than 0 volts, the channel current is modulated by the application

of a gate voltage. T
100.0 >
SO Z
" {ma) ; /
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c/div /
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Fig. 9 Drain current versus source drain voltage for a 3 pm X 270 gm FET on

p-type (111)A GaAs.

As in Fig. 8 the switching is observed where the drain current is positive. For

FETs on p-type GaAs, switching should be observed for negative drain currents.
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Also, above 0 volts the drain current never saturates. The drain current should
saturate provided that there is not an alternative current path beneath the gate.
These particular results come from devices where the Si doped active layer sits
on a buffer layer. Similar results have been obtained from FETs where the active
layer sits on the S.I. (111)A and (100) GaAs substrates. These problems have been
observed for identical devices on both p-type (111)A and p-type (100) GaAs. FETs
with several recess depths have been studied and pinchoff voltage (V,) is virtually
independent of channel depth, indicating that current leakage is a problem. We

know that the buffer layers grown in ATR’s Varian MBE system are slightly p-type.
3.2) FETs on N-type (111)A GaAs Misoriented by 5° toward [100] GaAs.

Most of the problems discussed in the previous section also apply to FETs which
have been fabricated on n-type (111)A GaAs. Fig. 10 contains a plot of drain current
and transconductance versus gate voltage for FETs with gate contacts consisting of
Ti/Au which has been deposited into a recess which was cleaned with H,SO, before
Schottky metal deposition. The drain current turns on around -5.8 volts and the
transconductance peaks at about -9.8 volts. The peak g,, is about 5mS/mm and
this is extremely low. The correct polarity is observed for both drain current and
g which indicates that an electron current is flowing in these devices. These data

indicate that the channel layer is very thick and that current leakage is occuring.
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/div

\\“L\:,////

AN
/. \
i N N

AN
.0000 ‘ S~ .0000
-13.00 25,000

) . \L .8000/div (V)
Fig. 10. Drain current and transconductance versus gate voltage for 3um X 275 pm

FETs on n-type (111)A GaAs.

Fig. 11 contains a plot of drain current versus drain-source voltage. Since cur-

rent saturation is not observed for relatively low voltages, it appears that current is
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leaking from the channel, most likely into the substrate. As mentioned in section
3.1, the buffer layers in these devices are slightly p-type. In the case of n-type FETs
this can serve to enhance current confinement in the channel region, provided that
an external bias is applied to the buried p-type layer. When no external bias is

applied to this layer, as is the case here, it can accentuate current leakage®’.

— - — ey

e

100.0

D
(mA) 4 4

20.00
/div

W
74
/ /
-100.0 ///

-2.000

0 2.000
YOS .4000/div - (V)

Fig. 11 Drain current versus drain source voltage for 3um X 275 pm FETs on

n-type (111)A GaAs.

Eventhough the n~layer was recessed before Schottky metal deposition the chan-
nel thickness is still excessively high. This indicates that the actual channel depth
of these devices may be the sum of the grown channel layer plus part of the buffer
layer. FETs with different recess depths have been studied and V, has been found

to be virtually independent of channel thickness.
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4) Conclusions

. Low resistance Ni/AuGe/Au contacts have been demonstrated on Si-doped

n-type (111)A epitaxial GaAs.

. Differences in the surface chemistry of n-type MBE epi-layers grown on (111)A
and (100) GaAs have no affect on the contact resistance of Ni/AuGe/Au ohmic

contacts.

. Low resistance Mn/Au ohmic contacts have been demonstrated on Si doped

p-type (111)A epitaxial GaAs.

. Differences in the surface chemistry between (111)A GaAs and (100) GaAs

affect the properties of Schottky contacts on these surfaces.

. The surface state density of (111)A GaAs is lower than the surface state density
of (100) GaAs.

. The general relation E, = ¢p, + ¢5, applies to (111)A GaAs.



5) Suggested Possibilities for Extending the Projects Discussed in this Report.

1) Field Effect Transistors.

Eventhough functional Schottky and ohmic contacts have been demonstrated on
n-type and p-type (111)A GaAs high performance field effect transistors have yet
to be successfully fabricated on this material. The problems have been outlined in

section 3 and the following recommendations will hopefully lead to solutions.

1. Maximum transconductance of a FET needs to be measured on devices which
have short gate lengths, typically about 1 to 1.2 gum. The shortest gate length
on ATR’s mask set is ~ 3pum. It would be helpful if a new mask set, containing

FETs with shorter gate lengths, could be designed and used by the materials
group.

2. Theinterface at the bottom of the channel epitaxial layer needs to be controlled
more precisely in order to eliminate current leakage from FET channels into
the substrates on which the epi-layers are grown. This may be most easily
achieved by developing a process to grow high quality undoped buffer layers

which separate the device channels from the substrates.
2) Ohmic Contacts.

3. A good comparison between the diffusion of zinc and manganese in p-type
ohmic contacts on GaAs does not appear to have been written. This would
be very interesting to study. It would require extensive secondary ion mass
spectroscopy analysis (SIMS) as well as a lot of device processing and electrical
testing. I think that ATR is in a position to do this type of work and it would

benefit everyone in the GaAs community.

4. In order to accurately determine the specific contact resistivity of ohmic con-
tacts current - voltage data from a Kelvin resistor is required. Since there are
no Kelvin resistor patterns on ATR’s mask sets it would be helpful if this type

of test structure could be designed in to any new mask sets.
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3) Schottky Contacts

My work has focussed on studying the Schottky properties of Ti, Pt, Cr and
Ni on n-type and p-type (111)A GaAs. I encourage other researchers at ATR
to continue to study these metals as well as the properties Schottky contacts

based on other metals or combinations of metals.
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Appendix 1 Process Flow Used for Fabrication of Ohmic Contacts, Schottky

10.

Diodes and Discreet Field Effect Transistors.

Part 1 Device Isolation.

Place the sample in a beaker of acetone situated in the ultrasonic bath for 3

minutes. This degreases the GaAs surface.

Rinse the sample in methanol for 1 minute. This removes acetone from the

GaAs surface.

Rinse the sample in flowing deionized (D.I.) H2O for 3 minutes. This removes

the methanol from the GaAs surface.

Dry the sample with Na.

Place the sample in 10:1 D.I. H,O : NH4OH for 5 seconds and then rinse it
in flowing D.I. H,O for 3 minutes. This removes any native arsenic oxide and

replaces 1t with gallium oxide.

. Rinse the sample in flowing D.I. H,O for 3 minutes.

Dry the sample with Na.

. Bake the GaAs for 30 minutes at 120°C. This removes any residual H,O from

the GaAs surface.

Coat the GaAs surface with photoresist. Put the GaAs on the chuck of the
manual spinner and make sure that the vacuum pump is turned on. Use the
equivalent of 3 cm® ( per 2 inch dia. wafer ) of a 3:1 AZ 1350J resist:AZ thinner
mixture. Set the first spin cycle at 500 rpm for 10 seconds and the second spin
cycle at 5000 rpm for 40 seconds. Apply the resist to the GaAs surface during
the first spin cycle. This process gives a photoresist coating which is about 1

um thick.

Bake the sample for 25 minutes at 85°C. This "softbake” removes solvents

from the photoresist.
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Expose the photoresist with mask #2, of the triangle pattern mask set, using
the Canon PLA500 aligner. Set the exposure integral to 10 and use proximity

mode.
Develop the sample in 0.5:1 AZ developer : H,O for 1 minute.

Rinse the sample in flowing D.I. H,O for 3 minutes and dry the sample with
N,.

Bake the sample for 20 minutes at 120° C. This "hardbake” stengthens the

resist so that it can withstand etching.

Etch the samples in HF(46%):H,0,(35%):H,0 = 2:16:100. At room temper-
ature, the etch rate for (111)A GaAs is about 0.48 ym/min and the etch rate
for (100) GaAs is about 1.02 ym/min. '

Rinse the sample in flowing D.I. H,O for 3 minutes and dry with N,.
Strip the resist by placing the sample in acetone for 1 minute.
Rinse the sample in methanol for 1 minute.

Rinse the sample in flowing D.I. H,O for 3 minutes and dry the sample with
N,.

Check the mesa height with the Dektak surface profilometer.

Store the sample in a N, ambient.

Part 2 Ohmic Contact Formation

Place the sample in 10:1 D.I. H,O : NH4OH for 5 seconds and rinse in flowing
D.I. H2O for 3 minutes. This removes any native arsenic oxide and replaces it

with gallium oxide.
Rinse the sample in flowing D.I. H,O for 3 minutes.
Dry the sample with Nj,.

Bake the GaAs for 30 minutes at 120°C. This removes any residual H,O from
the GaAs surface.

39




5.

10.
11.

12.

13.

14.

15.

Coat the GaAs surface with photoresist. Put the GaAs on the chuck of the
manual spinner and make sure that the vacuum pump is turned on. Use the
equivalent of 3 cm® ( per 2 inch dia. wafer ) of a 3:1 AZ 1350J resist:AZ thinner
mixture. Set the first spin cycle at 500 rpm for 10 seconds and the second spin
cycle at 5000 rpm for 40 seconds. Apply the resist to the GaAs surface during
the first spin cycle. This process gives a photoresist coating which is about 1

pm thick.

Bake the sample for 25 minutes at 85°C. This ”softbake” removes solvents

from the photoresist.
Place the sample in chlorobenzene for 15 minutes at room temperature.
Dry the sample with N, and bake the sample at 85°C for 10 minutes.

Expose the photoresist with mask #3, of the triangle pattern mask set, using
the Canon PLAS500 aligner. Set the exposure integral to 20 and use proximity

mode.
Develop the sample in 2:1 AZ developer : HyO for 1 minute.
Bake the sample for 20 minutes at 120° C.

Clean the samples with a 20:1 solution of H,O : acid for 5 to 10 seconds. The

particular acid and the cleaning time may be chosen by the researcher.

Rinse the sample in flowing D.I. H,O for 3 minutes. Dry the sample by placing

spinning it on the manual spinner at 3000 rpm for 1 minute.

Load the sample along with the desired metals into the Anelva EVC 400B
evaporator. For Ni/AuGe/Au contacts, pre-weigh 0.07 grams of Ni and 0.44
grams of a AuGe eutectic alloy and place them in the same boat. Pump the
evaporator down to base pressure for at least 2 hours before depositing ohmic

contact metal.

To form Ni/AuGe/Au contacts on n-type GaAs, deposit Ni and AuGe simul-
taneously. Be certain that all of this metal is deposited onto the GaAs so that
the AuGe eutectic composition is preserved. The actual depositon conditions

may be determined by the researcher. I operate the evaporator in manual
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16.

17.

18.

19.

20.

21.

22.

23.

mode and initially ramp up the power from 0 % to 18 % at 2 %/min. I let
the system idle at 18 % until the metal in the boat has melted. I then ramp
the power up to 22 % in about 1 minute and then open the shutter to begin
deposition. The power may then be adjusted to set the deposition rate. I
deposit Ni/AuGe at about 1 A/séc. After Ni/AuGe has been deposited, close
the shutter and reduce the power to zero. Turn off the power supplies and
switch the boat number so that the high current power supply is connected
to the boat containing Au. Repeat the deposition process until the desired

amount of Au has been deposited.

To form Mn/Au contacts on p-type GaAs, I use the evaporator in manual
mode and ramp the power from 0 % to 18 % at 2%/min. I let the system
idle at 18% until the Mn has melted. I then open the shutter and deposit the
desired quantity of Mn. I deposit Mn at a rate of 1 A/sec. After connecting
the high current power supply to the boat which contains Au, I deposit Au at
10 A/sec. |

After the metal deposition has been completed leave the system under vacuum

for 15 minutes after the power supplies have been turned off.
Vent the system and remove the samples.

To perform metal lift off, place the sample in a beaker of acetone and place
the beaker in the ultrasonic bath. Leave the sample in acetone until metal

liftoff is complete.

Rinse the sample in methanol for 1 minute.

Rinse the sample in flowing D.I. H,O for 3 minutes.
Dry the sample with Ns.

Store the sample in a N, ambient.

Part 3 Schottky Contact Formation

. Place the sample In 10:1 D.I. H,O : NH,OH for 5 seconds and rinse in flowing

D.I. H,O for 3 minutes. This removes any native arsenic oxide and replaces it

with gallium oxide.
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10.

11.

12.

13.

14.

Rinse the sample in flowing D.I. H,O for 3 minutes.
Dry the sample with Nj.

Bake the GaAs for 30 minutes at 120°C. This removes any residual H,O from
the GaAs surface.

Coat the GaAs surface with photoresist. Put the GaAs on the chuck of the
manual spinner and make sure that the vacuum pump is turned on. Use the
equivalent of 3 cm® ( per 2 inch dia. wafer ) of a 3:1 AZ 1350J resist:AZ thinner
mixture. Set the first spin cycle at 500 rpm for 10 seconds and the second spin
cycle at 5000 rpm for 40 seconds. Apply the resist to the GaAs surface during
the first spin cycle. This process gives a photoresist coating which is about 1

pm thick.

Bake the sample for 25 minutes at 85°C. This "softbake” removes solvents

from the photoresist.
Place the sample in chlorobenzene for 15 minutes at room temperature.
Dry the sample with N, and bake the sample at 85°C for 10 minutes.

Expose the photoresist with mask #4, of the triangle pattern mask set, using
the Canon PLAS500 aligner. Set the exposure integral to 20 and use proximity

mode.
Develop the sample in 2:1 AZ developer : HyO for 1 minute.
Bake the sample for 20 minutes at 120° C.

Clean the samples with a 20:1 solution of H,O : acid for 5 to 10 seconds. The

particular acid and the cleaning time may be chosen by the researcher.

Rinse the sample in flowing D.I. H,O for 3 minutes. Dry the sample by placing

spinning it on the manual spinner at 3000 rpm for 1 minute.

Load the sample along with the desired metals into the Anelva EVC 400

evaporator and pump the system for at least 16 hours.



15.

16.

17.

18.

19.

21.

For Schottky metal deposition I operate the evaporator in manual mode and
initially ramp up the power from 0 % to 18 % at 2 %/min. I let the system
idle at 18 % until the metal in the boat has melted. I then ramp the power
up to 22 % in about 1 minute and then open the shutter to begin deposition.
The power may then be adjusted to set the deposition rate. My Schottky
metal experiments have focussed on forming Schottky barriers consisting of a
thin metal layers covered with thicker layers of Au. I deposit the first metal
layer at a rate of 1 A/sec and after the desired amount of metal has been
deposited I close the shutter and reduce the power to zero. Turn off the power
supplies and switch the boat number so that the high current power supply is
connected to the boat containing Au. Repeat the deposition process until the

desired amount of Au has been deposited.

After the metal deposition has been completed leave the system under vacuum

for 15 minutes after the power supplies have been turned off.
Vent the system and remove the samples.

To perform metal lift off, place the sample in a beaker of acetone and place
the beaker in the ultrasonic bath. Leave the sample in acetone until metal

liftoff is complete.

Rinse the sample in methanol for 1 minute.

. Rinse the sample in flowing D.I. H,O for 3 minutes.

Dry the sample with Nj.
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Appendix 2 Calculation of Mn weight percentage in Mn/Au ohmic contacts.

The weight percentage of Mn may be calculated as follows.
Eventhough the volumes of Au and Mn in these contacts are different, the surface
area of Au and Mn are the same. Therefore, the weight of each metal is proportional

to the density multiplied by the thickness.

paw = 19.3 g/cm® Pt = T1.43 g/cm?®
T = 2154 A Tan = 221 A

weight = thickness x density x area
weight 4, = (2154 A) (19.3 g/cm?®) (107%cm/ A) (area) = 4.157 g/cm? (area)
weightarm, = (221 A) (7.43 g/em™3) (107%cm/ A) (area) = 0.164 g/cm? (area)

weight % Mn = 288t 100 = 2L0leree) _ 3 gq

weightioral 4.321(area)
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Appendix 3 Alloy furnace Temperature Distribution

Figure 12 shows the distribution of temperature as a function of distance from the
center of the Koyo Lindberg alloy furnace for a set point temperature of 370°C. The
peak measured temperature at the center of the furnace is 399°C. The difference
between the actual temperature and the set point temperature is about 30°C for
temperatures between 350° and 450°C. The data in the graph were measured while
the furnace contained an N, atmosphere. The N, pressure was 0.8 kg/cm? and the
N, flow was 1.7 liters/min. The set point temperature for the 450°C alloy processes
in my experiments has always been 420°C. The temperature of this furnace takes
about 50 minutes to stabilize. Samples should be loa.déd mto the quartz tube but
positioned outside of the furnace for the first 50 minutes after the heating power has
been turned on. The measured overshoot temperature is about 100°C higher than
the set point temperature and this peak is reached at about the 12** minute after

the furnace has been turned on.
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Fig. 12 - Real temperature versus distance from the center of the Koyo Lindberg

alloy furnace for a set point temperature of 370°C.
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Table U

On (111)A GaAs

. Characteristics of the p-type epitaxial layers.

Carrier Concentration (cm™3) 2.85x10'7 (Si)
Carrier Mobility (cm?/Vsec) 179
Layer Thickness (pm) 0.5

Electrical data from Ti/Au contacts
on p-type epitaxial GaAs grown by MBE.

Surface cleaning reagent H,S0,4 Hi;PO,

1, (Afcm?) -4.52x10~ -2.69x10~4
Ideality factor n . 1.09 1.06
¢p," " (eV) - 06l 0.62

Vi (V) -0.61 ~ -0.58
$5,°7" (eV) 0.72 0.69
Adp, (¢8,°7Y - é8," ") (eV) 0.11 0.07
Notes -

1) £ = 0.0255 eV at 295.5 K.
2) All measurements were made on 7.01x10~5cm? diodes.

On (100) GaAs

3.65x10'7 (Be)
157

1.6

H,S0, H,PO,

-2.23x1073 -1.96x1073

1.06 1.05
0.56 - 0.56
-0.53 -0.51
0.61 0.59
0.05 0.03

3) The uncertainty in ¢p, values is 0.01 eV, except for ¢p5,"~" on H,SOy treated

GaAs on (111)A GaAs. This uncertainty is 0.02 eV.
4) The uncertainty in the n values is 0.005 .
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ALLOY FURNACE TEMPERATURE DISTRIBUTION
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