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An Electrical Method to Characterize Thermal Reactions
of Pd/GaAs and Ni/GaAs Contacts
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Capacitance-voltage (C-V) and current-voltage (I-V) measurements were used to
s t u d y the t h e r m a l reaction of Pd/GaAs contacts and Ni/GaAs contacts. The
thickness of GaAs consumed by the metal/GaAs reaction d u r i n g annealing was
calculated from C-V analyses and I-V analyses. For annealing temperatures
below 350°C, the Schottky characteristics of the diodes were good b u t the
electrical j u n c t i o n moves into the GaAs after annealing. The a m o u n t ofj u n c t i o n
movement was calculated directly from our measurements. The diffusion coeffi-
cients of Pd and Ni in GaAs a t 300°C were estimated both to be a r o u n d 1.2 × 10-14
cm2/s.
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I N T R O D U C T I O N
The t h r e s h o l d v o l t a g e of a GaAs metal-semi-

conductor field effect t r a n s i s t o r (MESFET) c a n be
controlled by a d j u s t i n g the thickness of the epitaxial
or the conducting l a y e r u n d e r the g a t e . In M E S F E T s
with a b u r i e d gate,1 this is achieved by reacting the
gate m e t a l with the epitaxial l a y e r underneath. 2 As
the reaction proceeds, the thickness of the epitaxial
l a y e r is reduced and the t h r e s h o l d is thus adjusted.
N e i t h e r wet etching nor dry e t c h i n g is needed to
a d j u s t thickness of the epitaxial layer.

The near-noble metals, Ni, Pd, or P t are suitable for
the application as a gate m e t a l in the b u r i e d gate
FETs because of ease of deposition, low reaction
temperature with GaAs, and resistance to oxidation.
Many studies of t h e s e metals' contacts to GaAs have
been reported3-19 with most focused on the character-
ization and understanding of the m a t e r i a l properties
of t h e s e metal-semiconductor systems ~,15 or on the
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relationship between the material properties and the
Schottky characteristics. 11,1v,19 In the application for
b u r i e d gate F E T s , the Schottky characteristics of gate
contacts and the a m o u n t of s h i f t in depletion w i d t h
due to metal/semiconductor interaction is critical
information. However, the previous studies did not
investigate the thickness of the epitaxial l a y e r re -
duced d u r i n g annealing or the Schottky character-
i s t i c s a f t e r metal/semiconductor i n t e r a c t i o n si-
multaneously.

In this paper, we discuss the t h e r m a l reactions of
Pd/GaAs contacts and Ni/GaAs contacts by current-
voltage (I-V) measurements and capacitance-voltage
(C-V) measurements. The reacted thickness of GaAs
and the a m o u n t of change in depletion l a y e rw i d t h are
directly obtained by calculating the carr ier concen-
t r a t i o n profiles of t h e s e samples from C-V measure-
m e n t s w h i l e the Schottky characteristics of t h e s e
diodes are clarified by I-V measurements. The depen-
dence of depletion l a y e r w i d t h on Schottky b a r r i e r
h e i g h t is also considered in calculating the thickness
of GaAs reacted with m e t a l to e n s u r e a b e t t e r accu-
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Fig. 1.(a) Thelayer structures usedtointerpretthe difference between
the samples beforeand after thermal treatment in this study,and (b)
the carder concentration profiles of the samples beforeand after heat
treatment used to interpretthe shift in the n-GaAs/m-GaAs interface
during annealing.

r acy . The diffusion coefficients o f Pd a n d Ni in GaAs
a n d t h e ac t iva t ion ene rgy are also es t imated .

E X P E R I M E N T S A N D A N A L Y S E S

Pol i shed n- type (100) GaAs wafers with a d o p a n t
concen t ra t ion o fa b o u t 5 × 1016/cm3 were used in t h e s e
s t u d i e s . Two epitaxial layers were grown upon t h e
s u b s t r a t e s by molecular beam epitaxy (MBE) before
t h e fabr icat ion o f Schot tky contacts. The f i r s t l ayer
was a 0.3 ~m n÷-buffer layer with a carr ier concentra-

tion o f 5 x 10~Ycm3. The second layer was a 0.3 p m n-
layer with a carr ier concen t ra t ion o f 8 x 1016/cm3.

Circular Schot tky diodes with a diameter o f 500 ~m
were def ined on t h e epitaxial l ayers . The m e t a l film
was deposited b y elec t ron g u n evapora t ion . The
samples were f i r s t sub j ec t ed t o a wet chemical c lean-
ing t rea tment t h a t inc luded t h e following: 5 s dip in
1H2SO4:lH202:500H20 a t room tempera ture , 1 min.
r i n se in deionized (DI) water , 1 min dip in 1HCI: 1H20,
a n d a final r i n se in DI w a t e r fo r 30 s. The s u b s t r a t e s
were blow dried with fil tered dry n i t rogen pr ior to
evaporation. The m e t a l film th ickness deposited was
0.2 ~m. The backs ide o f t h e s e samples were t h e n
c o a t e d with A u b y a radio f requency (RF) spu t t e r ing
s y s t e m for ohmic c o n t a c t . Heat t rea tments were per-
formed in a N2 ambient with annea l ing temperatures
ranged from 200 to 400°C. The diodes were t h e n
character ized b y I-V a n d C-V measurements . A n HP-
4145 semiconductor parameter analyzer was used to
measure t h e I-V character is t ics o f t h e Schot tky di-
odes. The C-V character is t ics were measured b y a n
H P - 4 2 7 5 mult i - f requency LCR meter.

It is a s s u m e d t h a t there is n o redis t r ibut ion o f Si
d o p a n t s in t h e sample a f t e r 3 0 0 ° C annea l ing . As
shown in Fig . la , ifd denotes t h e d i s t ance be tween t h e
meta l / semiconductor interface a n d t h e n-GaAs/n÷-
GaAs .interface, w denotes t h e d i s t ance be tween t h e
meta l / semiconductor interface a n d t h e deple t ion re-
gion edge o f Schot tky contacts a t zero b i a s , a n d L
deno t e s t h e d i s t ance from t h e deple t ion region edge to
t h e n-GaAs/n+-GaAs inter face , t h e n t h e relat ionship
be tween d , w, a n d L c a n be expressed as:

d = w0 +Lo= x + wI +L1 (1)

o r x = (wo - w1) + (L o - LI) (2)

where x denotes t h e amount o f GaAs consumed by
metal /GaAs reac t ions dur ing annea l ing . The let ters
with subsc r ip t "0" indicate t h e parameters o f t h e
sample before t h e r m a l t rea tments , whereas t h o s e
with subsc r ip t 'T ' indica te t h e parameters o f t h e
sample a f t e rannea l ing . The term (wo - wl) in t h e r ight
h a n d side o f Eq. (2) is t h e c h a n g e in deple t ion region
d e p t h due to t h e Schot tky b a r r r i e r he igh t var ia t ion
af te r annea l ing . The second term (L o - L1) denotes t h e
amount o f t h e hor izonta l shif t o f t h e carr ier concen-
t ra t ion profiles o f t h e t h e r m a l annea led sample from
t h a t o ft h e as-deposited one as shown in Fig. lb. From
t h e values o f Schot tky b a r r i e r he igh t o f t h e samples
before a n d af te r t h e r m a l t rea tments ob ta ined from I-
V analyses, we c a n calcula te (w0 - w1) by u s i n g t h e
equa t ion

wo - w1= [2£ (0Bo- V )/(qND)]u2

- [2as(0s I - V,)/(qND)]~2 (3)

where OBO a n d OB1 are t h e Schot tky b a r r i e rhe igh t s o f
t h e diodes before a n d af te r t h e r m a l t rea tments , V is
t h e ene rgy difference be tween t h e F e r m i level a n d t h e
b o t t o m o fc o n d u t i o n b a n d in semiconductor, ~s is t h e
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dielectric c o n s t a n t o ft h e semiconductor, a n d NDis t h e
dop ing concentration in t h e epitaxial layer.2° From C-
V measurements a n d by u s i n g t h e equations:

C = e / w (4)

ND = [2/(qe )][-1/(a(1/C2)/~V)] (5)

we c a n est imate t h e amount of t h e hor izonta l shif t o f
t h e carr ier concen t ra t ion profiles of t h e samples a n -
nea led . As a resu l t , t h e th i ckness o f GaAs reac ted
with m e t a l x c a n b e ca lcu la ted .
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the carr ier concentration profiles of the diodes before
and a f t e r annealing a t 200,250, and 300°C for 30 min.
The r i g h t most c u r v e in the figure is the profile
obtained from a diode before any t h e r m a l treatment.
The d o p i n g concentration change a t the interface
between the n- GaAs l a y e r and the n÷- GaAs l a y e ris
clearly seen in the figure. As the annealing tem-
p e r a t u r e increases, the curve g r a d u a l l y shifts to the
left. The n-GaAs/n*-GaAs interface appears to be
closer to the surface. This is a c lear indication t h a t
part of the GaAs l a y e r has reacted with Pd a f t e r

annealing, and the Schottky j u n c t i o n has m o v e d in-
side the GaAs layer. The Schottky characteristics of
t h e s e diodes r e m a i n good a f t e r annealing. The carr ier
concentration profiles of Pd/GaAs S c h o t t k y diodes
annealed a t 3 0 0 ° C with v a r i o u s a n n e a l i n g t i m e s are
also calculated and are s h o w n in Fig. 3a . The anneal-
ing t i m e s were 30, 60, and 120 min. The correspond-
ing Schottky b a r r i e r h e i g h t s and i d e a l i t y factors of
t h e s e samples are s h o w n in Fig. 3b. All t h e s e diodes
have good Schottky characteristics as indicated in the
figure.
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N i / G a A s Contacts
The c a r r i e r concentration profiles of Ni/GaAs

Schottky diodes for various annealing temperatures
are s h o w n in Fig. 4a and the corresponding Schottky
b a r r i e rh e i g h t s and ideality factors of t h e s e samples
are s h o w n i n Fig. 4b. As in the case of Pd/GaAs
contacts, as the annealing t e m p e r a t u r e increases, the
curve gradually s h i f t s to the left and the n-layer/n÷-
l a y e r interfacial d e p t h , W, decreases, indicating part
of GaAs has been reacted with Ni. The carr ier concen-
t r a t i o n profiles ofNi/GaAs Schottky diodes annealed
a t 300°C for 30, 60, and 120 min are s h o w n in Fig.
5a.The corresponding Schottky b a r r i e r h e i g h t s and
ideality factors oft h e s e samples are s h o w n in Fig. 5b.
For l o n g e r a n n e a l i n g times, more GaAs reacts with
the Ni. All the diodes have good Schottky charac-
teristics with ideality factors close to u n i t y as in-
dicated in Fig. 4b and Fig. 5b.

D I S C U S S I O N
S u b s t i t u t i n g the values of Schottky b a r r i e r heights

of t h e s e samples obtained from I-V analyses into Eq.
3 and u s i n g Eq. 2, we c a n calculate the thickness of
GaAs reacted with m e t a l d u r i n g t h e r m a l treatments.

The thicknesses of reacted GaAs for Pd/GaAs and
Ni/GAAs samples as functions of a n n e a l i n g tempera-
ture for 30 min isochronal annealing are s h o w n in Fig.
6. With the annealing temperature fixed a t 300°C, the
thicknesses of GaAs reacted with Pd and Ni are f o u n d
to be proportional to the s q u a r e root of annealing
time. The relationships are p l o t t e d in Fig. 7a and 7b.
This type of time dependence indicates that the reac-
tion between the m e t a l and GaAs is a diffusion con-
trolled process. Comparing Fig. 7a and 7b, t h e r e is no
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Fig.6, ThethicknessofGaAsconsumed byPd/GaAs reactionandthat
consumed by Ni/GaAs reaction during annealing vs annealing tem-
peratures for 30 min isochronal annealing.

significant difference between the m e t a l systems,
a l t h o u g h Ni seems to diffuse faster a t l o w e r tempera-
t u r e s as indicated in Fig. 6. From the relationship
between the a m o u n t of GaAs consumed by reaction
and the annealing time in our r e s u l t s and by the aid
of the nomograph for extracting diffusion coefficients
proposed by Hall and Morabito, 21we c a n estimate the
diffusion coefficients of Pd and Ni in GaAs a t 300°C.
Both the diffusion coefficients of Pd in GaAs a t 300°C
and t h a t of Ni in GaAs a t the same temperature were
estimated to be a r o u n d 1.2 x 10-14 cm2/s.

From the r e s u l t s of isochronal annealing, the rela-
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Fig. 7. (a) The thickness of GaAs consumed by Pd/GaAs reaction
during annealingvs square rootofannealing timefor 300°Cisothermal
annealing; and (b) the thickness of GaAs consumed by Ni/GaAs
reactionduring annealing vssquareroot of annealing time for 300°C
isothermal annealing.
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tionship between the thickness of GaAs reacted with
m e t a l and the annealing temperatures was used to
calculate the activation e n e r g y for m e t a l diffusion in
GaAs. The activation e n e r g ywas f o u n d to be a b o u t 1.4
and 0.67 eV for Pd diffusion and Ni diffusion in GaAs,
respectively. Pd, w h i c h diffuses with a n obviously
l a r g e r activation e n e r g y than that for Ni, is more
suitable to be used as the gate m e t a l for the b u r i e d
gate M E S F E T s from the viewpoint of activation en-
ergy because it reacted with GaAs slower than Ni did
for temperature lower t h a n 250°C, the possible tem-
p e r a t u r e r a n g e for device operation. However, in the
p a p e r s of S a n d s e t al.,3,4 they mentioned t h a t d u r i n g
annealing between 250 and 275°C, the Pd/GaAs reac-
tion involved the nucleation and g r o w t h of a second
PdxGaAs p h a s e and the reacted l a y e rwas f o u n d to be
laterally nonuniform. This m i g h t l i m i t the feasibility
of Pd to be a suitable r e a c t a n t for a b u r i e d gate from
the perspective of device yield.

An obvious difference in the annealing behavior of
the Schottky b a r r i e r h e i g h t ( S B H ) c a n be observed
from the I-V analyses of the two contacts. The SBH of
Pd/GaAs contacts decreases a f t e r low temperature
annealing as s h o w n in Fig. 2b and Fig. 3b, w h i l e t h a t
of Ni/GaAs contacts increases u n d e r similar annealing
conditions (see Fig. 4b and Fig. 5b). The increase in
SBH of Ni/GaAs contacts a f t e r low temperature an-
nealing was also reported by Yu e t al.17 and L a h a v e t
al. 11 Yu e t al. a t t r i b u t e d the increase in SBH to the
removal of n a t i v e oxides typical to the as-deposited
sample. The decrease in SBH of Pd/GaAs contacts
a f t e rlow temperature annealing was also observed in
the experiments of Liew e t al.,~s Nee e t al.,19 and
S h a r d a e t al.10 The SBH decrease of Pd/GaAs contacts
was a t t r i b u t e d by Liew e t al. to the o n s e t of a solid-
p h a s e reaction t h a t changes the interface chemistry.

Solomon e t al. previously studied the diffusion of Ni
in GaAs and obtained diffusion coefficients for Ni a t
different temperatures u s i n g A u g e r s p u t t e r analysis
for Ni on both clean and oxide covered GaAs.16 The
diffusion coefficient obtained was a r o u n d 2.4 x 10-14
cm2/s for oxygen-free Ni/GaAs interfaces and a r o u n d
6 x 10-16 cm2/s for t h o s e with oxygen-contaminated
interfaces a t 300°C. Our results obtained from electri-
cal analyses are slightly less than the diffusion coef-
ficient of t h e i r oxygen-free samples. This may be due
to the fac t that a small a m o u n t of oxides e x i s t a t the
Ni/GaAs interface in our samples, slightly impeding
the diffusion of Ni into GaAs. Both our electrical
m e t h o d and the A u g e rs p u t t e r profile analysis c a n be
used to calculate the diffusion coefficients of Ni in
GaAs, however, the f o r m e rc a n give the information of
the Schottky characteristics of the contacts simulta-
neously, w h i l e the l a t t e r not. In the A u g e r s p u t t e r
profile analysis method, a n additional process is nec-
essary to characterize the electrical properties of the

structure. The A u g e r analysis u s u a l l y provides a
physical confirmation of the electrical measurements.

C O N C L U S I O N S
We have s t u d i e d the t h e r m a l reaction of Pd/GaAs

contacts and Ni/GaAs, contacts by C-V and I-V analy-
ses. The thickness of GaAs consumed by the m e t a l /
GaAs reaction d u r i n g a n n e a l i n g was calculated di-
r e c t l y from C-V analyses a n d I-V analyses. The
Schottky characteristics were good b u t the electrial
j u n c t i o n moves i n s i d e GaAs a f t e r annealing. The
a m o u n t ofj u n c t i o nm o v e m e n twas calculated directly
from our measurements. The diffusion coefficient of
Pd and Ni in GaAs and the activation e n e r g y were
estimated.
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