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Stabilization of the GaAs surface/interface by the (NH4)2S treatment has been in_vestigaLed. Enhancement of Photoluminescence intensity-ufd drast.ic improvement of
Capacitance-Voltage characteristics on metal-insulator-iemiconductor(MIS) structures
prepared by this treatment lead to the reduction of surface recombi.nation velocity
and surface state density. Auger electron spectroscopy and 1ow-energy electron
energy loss spectroscopy indicate that the removal of oxide or As on the surface andthe passivation of the GaAs surface by one monoatomic Sulfur 1ayer.

1. Introduction
The sole dominance of silicon as VLSI material is

accounted for the controllability of its surface.
0n the contrary, GaAs regarded as a material supe-
rio,r to silicon in nany aspectsris yet to be con-
trolled of defects, especially at the
surface/interface, before GaAs will be extensively

-used in more electronic devices.
However, two processes of GaAs surface treatments

give important and interesting results. One i_s rrt,he

photochemical washingl)tt whose effect remains only
f or a limit.ed period. The other process is rtthe

sulfides treatment2)ttof which the best seems to
give very stable and enduring surface/interface of
GaAs.

Here we investigate the effect and the role of
sulfur to account for the substanti.al reduction in
surface trap density of GaAs by (NH4)25 treatment.

2. Experinental
The investigation was performed mostly on the

surface of n-type GaAs. Most of the time, iL was

done on (100) plane of rhe HB, LEC or VpE crystal
with carrier concentration in the range of
5x1015cm-3. The sample was etched first in H2SO4-

H2OZ-H2O(5:1:1) solution at 60oC for l min, in rhe
same solution with a different composition(5:1:40)
at RT for 20 sec, and rinsed in delonized(DI)
water. The cleaned sample was dipped into (NH4)2S

solution at RT for a certain period ranging from

D-1-5

several seconds to several hours. We chose (NH4)2S

rather than reported Na2S9HrO2'3) in fear of the
unknown contamination effect by the alkali meta1.
The (NH4)2S solution was supersaturated with sulfur
and we found the etching rate of the solution
varied with the degree of supersaturation.

After taking the sample out of the treating solu-
tion, the droplet were blown off from the surface
with dry N2. Existence of a very thin residual
film 'was observable with naked eyes as whitish as a
result of light scattering. Its thickness was
measured to be about 1Onm with Talistep, a

piezoelectric surface profiler. This very thin
film was found to disappear in a matter of half an

hour i.n vacuum, while it remains unchanged in air.
without blowing-off, yellowish residue can accumu-
late as thick as 30pm.

The evaluaLion of surface properties h,as per_
formed by photoluminescence(pl) for surface recom-
bination velocity change, capacitance-voltage(C_V)
measurement on Mrs structures for interface state
density and band bending, and c-v measurements on
Schottky barriers for barrier height. Auger
electron spectroscopy(AES) and 1ow-energy electron
energy loss spectroscopy(LEELS) were also employed
to study the atomic structure of the surface.

3. Results

The effect of (NH4)2S treatmenr on the intensity
of PL on GaAs(100) surface ar RT in air is shown in

263



undoped HB
n-GqAs (100)

(b) (NH4)2S- treoted

(o) os-etched

0.1''0 t0 20 30
TIME (min)

FIG. l. Degradation behavior of PL intensity in undoped

HB GaAs(n;5x1015cm-3) under 514.5nm Ar* laser exciration
at 1.2K11/cn?. (a) as-etched and (b) (NH4)2S-treared sur-
face.

Fig.1. The initial intensit.y was improved by a

factor .of two orders of magnitude by the (NH4)2S

treatment. Also noted is that the rate of degrada-

tion was improved. 0bservation worth mentioning is
that even after heavy(>fO-t ) degradation the
(NH4)2S-treated surface is refreshable wj-th another
(NH4)ZS treatment.

Figure 2 shows C-V characteristics of metal-
insulator-semiconductor(MIS) structures fabricated
by an electron beam deposition of Si02 on the sur-
face of VPE GaAs(n;1.5x1015.*-3): (I) as-etched,
(II) (NH4)2s-treated, and (III) (NH4)2s-treared and

annealed at 300oC for 30 min. As can be seen,
frequency dispersion in the accumulation region is
markedly reduced from 502(I) to about 102(III), in
the frequency range from t03Hz to t06Hz. The in-
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HlG.2. C-V characteristics of MIS structures measured at
RT. (I) as-etched, Cr=41.OnF/cm2, (II) etched and

(NH4)2S-treated, Cm=32.6nF/.2, and (III) same as (II)
with additional 300'C/30rnin annealing, Cr=32. 2nF/cn2.
Curves (a), (b), (c) and (d) are for measuring
frequencies of 103, 104, 105 and LO6Hz, respectively.
The bias scanning rate is 0.1V/s.

terface state density Nss, was estimated from the
L06Hz C-V characteri.stics by Termants method. The

dominant pinning levels near 0.6eV below the con-
duction band minimum was found to reduce remarkably
from 1.3x1013c*-2uv-1(t) ro 2.2xr0l2cr-2"v-1(rrr).
Detail,of the analysis is reported e1sewh"r"4).

It has been accepted that the barrier height of
Schottky barriers on GaAs was almost fixed, i_nde-

pendent of the work function of the deposited me-

tal. We estimated the barrier height from C-V
measurements and found the barrier height change
for (NH+)2S-treated GaAs. Table I shows the
results for as-etched and (NH4)2s-treated GaAs in
comparison with theoretical values. It is obvious
that the barrier height does change in case of A1

close to the calculated value assuming no pinning
traps. It suggesLs that the density of pinning
traps decreases with (NH4)2S treatment. However,

in case of Pd and Pt, no change was observed. We

may explain this observation by the temperature
rise of the GaAs surface during Pd or pt evapora-
tion. We should add a word that the barrier height
change is observed even wit.h the shortest period (3
sec) of (NH4)2S treatment and rhar rhe degree of
the change seems to be independent of the dipping
periods((IO hrs).

The sumned-up result of the study by means of AES

on the surface is shown in Fig.3. For as-etched
GaAs surface (a), presence of oxygen is revealed
from the strong signals at 51 , 77, and l04eV in ad-
dition to the signal ar 51OeV. Afrer (NH4)25
treatment (b), the above mentioned signals disap-
peared completely, implying the oxygen-free sur-
face. Peak difference A near l070eV is large,
which means the stoichiometry j-s conserved(III-
b)5). Surface degradation after I min of pL ex-
citation at LOW/cn2 can be seen for (c); Oxygen-
related signals begin to increase. The tendency is
further enhanced(d) for stronger excitation
1eve1 (4OW/cn2 for 1 min). Degradarion of the

Table 1. Variation of the Schottky barrier heighrs for
Ai, Pd and Pt/GaAs Schottky diode before and after
(NH4)2S treatment, on rhe n and p rype HB GaAs(100) wirh
carrier concentration of 2x1016cm-3 and 5xl016cm-3,
respectively.
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FfG.3. AES spectra from the n-GaAs(100) surfacesl (a)

as-etched, (b) (NH4)2S-treated, (c) and (d) (NH4)2S-

Lreated after exposed to Ar+ laser irradiation for 1 min

at 10 and 40 W/cn2, respectively, which correspond to

the degradation of PL intensity.
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FIG.4. AES spectra fron the n-GaAs(100) sirrfaces; (a)

Ar+ sputtered(fresh), (b) once fresh but exposed to air
for 12h, and (c) (NH4)2S-treaLed and exposed to air for
12h.

sample is more pronouncedly observed on the
photochemically washed 

"u.fu.u6). It is deduced by

comparing the signal intensity of fresh GaAs and

that from (NH4)2S-treated surface(I-b), the sulfur
layer is one or two monoatomic layers thick. The

presence of one or two monoatomic layer of sulfur
is consistently observed aft.er the sample was kept
in vacuum for more than 30 min.

Figure 4 shows the stability of the GaAs surface
in air for (a) the cleaned -Ar* sputtered- GaAs

surface, (b) the once cleaned surface after 12h ex-
posure to air, and (c) the (NH4)rs-treated surface
after 12h exposure to air. For the once cleaned
surface (b), presence of oxygen can be seen frorn
the chemical shifts, i.e., Ga( 108 -l 104eV and 81 )
77eY) r ds well as the depletion of As(33eV). 0n

the contrary, The (NH4)2S-treated surface remains
unchanged resembling the clean surface.

Thus AES data tentaLively confirm the followings;
(1) presence of one or two monoatomic sulfur, (Z)

the (NH4)rS-treated surface is free of oxygen, (3)

surface degradation by photoexcit.ation is related
to the appearance of oxygen, and deviation from the
stoichiometry.

More detailed study on the surface is performed

by means of LEELS. Figure 5 shows the results wit.h

LEELS observation on (NH4)2S-treared GaAs(100) sur-
face. It rnust be noted Lhat all spectra were taken
with the energy resolution of about 0.5eV. The in-
formation depth changed from 2 to 10 A for the
primary electron energy, En(70-1600 eV), in Fig.5.
Effect of sulfur on LEELS spectra are seen only for
EO(2OOeV and the spectra are nearly the same as

those of clean GaAs surfaces for EO)200eV. Hence,

we deduce the thickness of the covering sulfur to
be less than 3 A. The most remarkable effect of
the sulfur coverage on LEELS spectra for EO(200eV

is the nonexistence of the peak at 20eV, which is
observed clearly in the LEELS spectrum of a clean
GaAs surf.."7).

Stability of the (NH4)rS-treated surface against
heat treatnent in vacuum vras studied. Spectra of
LEELS were essentially unchanged for the
isochronal(20 min) heat treatment up to 520oC ex-
cept for the effect by carbon. Figure 6 shows the
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FIG.5. LEELS spectra
face at RT for various
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of (NH4)2S-treated GaAs(100) sur-
prirnary electron energies.
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FIG.6. LEELS spectra of (NH4)2S-treated GaAs surfaces
heateil for 20 min in vacuo at (a) 520oC, (b) 550"C, and

(c) 570"C. The coverage ratios Rg of sulfur on t.he sur-
face ara RS=l, 0.6, and 0, respectively.

change by the heat treatment at higher t,empera-

tures. As seen in Fig.6(b) at 550oC , a new peak

emerges at 2OeV, which is assigned to excitation
from the Ga 3d core level to the empty state - so-
cal1ed dangling bond stateT ) . tnu peak ( 2OeV)

grows(c) at higher temperature(570oC).

4. Discussions

We now sum up the effect of (NH4)2S treatment on

GaAs surface. (1) From the data of PL, we deduce

that the surface recombination velocity is drasti-
cally r"duc"d8), together with the degradation
rate. (2) Analysis on the C-V characteristics
tells us that the interface state density is
reduced by a factor of ten. (3) Data of AES

measurements indicates that the surface is covered

with one or two suLfur atomic layer, free of oxygen

adsorptlon, and kept at stoichiometry. Photoex-

citation brings about surface degradation in the
form of off-stoichiometry and chemical adsorption

-g\of oxygen'/. Though it degrades, the degradation
speed is much lower than for photochemically washed

surface and simply etched surface. Finally, (4)
the observation by LEELS reveals (i)that the sulfur
layer is one monolayer thick, (ii)that the so-
called dangling bond is unobserved aft,er surface
treatment, and (iii-)that the sulfur atoms are
removed by the heat treatment higher than 530oC.

I'le may give an interpretation here thac by the
(NH4)2S treatment, after the surface oxides on GaAs

is quickly etched, then the GaAs surface slowly
etched4) r and the pristine GaAs surface is covered

with a nonoatomic layer of sulfur. The bond be-
tween sulfur and gallium (and/or arsenic) is so

stable that Uhe outflow of arsenic atoms by t.he

adsorption of oxygen is hindered, because even
oxygen, which is very active, is unable to adsorb

on the stabilization layer of sulfur. This could
be attributed to the layered structure of bulk GaS.

5. Conclusion

The change of GaAs(100) surface characteristics
between as-etched and (NH4)2S-treated samples were

determined by means of PL, electrical measurements,

AES, and LEELS. The physical and chemical
stability at the sulfur(one monoatomic layer)/GaAs
interface after (NH4)25 treatnent is considered to
be due to both the oxides or As free surface and

the passivating effect of sulfur atoms.
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