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Neutralized „NH4…2S solution passivation of III–V phosphide surfaces
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Synchrotron radiation photoelectron spectroscopy has been used to investigate III–V phosphide
GaP and InP~100! surfaces treated with a neutralized (NH4!2S solution. Compared to the
conventional basic~NH4!2S solution treatment, a thick sulfide layer with P–S bond and strong Ga–S
~In–S! bond of high thermal stability is formed on the neutralized~NH4!2S-treated GaP~InP! ~100!
surfaces. The possible passivation mechanisms of the two~NH4!2S solutions to III–V phosphide
surfaces are also discussed. ©1998 American Institute of Physics.@S0003-6951~98!02946-5#
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Surface and interface characteristics of semiconduc
play a decisive role in many device technologies. Compa
with others, III–V semiconductors are notoriously sensit
to surface/interface effects and the existence of midgap s
which result in high surface recombination velocities a
Fermi level pinning. Since Sandroffet al. reported that dip-
ping in a sulfide solution could significantly improve th
characteristics of GaAs-based devices,1 ~NH4!2S or ~NH4!2Sx

has attracted much attention and been used frequently
passivating surfaces of GaAs,1–4 and other III–V semicon-
ductors such as InP~Refs. 5–17! and GaP.17–19 The method
has proved to be effective in that, upon dipping, the surf
oxide layer can be thoroughly removed and surface III and
V atom bonds can be saturated by sulfur atoms, as show
photoemission2–4,6–12,18,19and Auger electron spectroscopi
~AES!.14,15,17For InP in particular, it has been reported th
improved electric properties16 and photoluminescenc
intensity10 could be observed on the S-passivated InP s
faces. It was also found that enhanced passivation coul
achieved by using a less basic~NH4!2Sx solution rather than
the stoichiometric~NH4!2S solution.2,3,6,7,16 This suggests
that the basicity of the solution may play some roles in
surface sulfuration process. In this letter, we report appl
tion of a neutralized~NH4!2S solution instead of commonl
used basic solution to the passivation of InP~100! and GaP
~100! surfaces. The experimental results obtained show t
dipping in the neutralized~NH4!2S solution may lead to the
formation of a passivation layer with thickness of 2 mon
layers~MLs!, in which S firmly bonds to In, Ga, and P wit
high thermal stability.

Synchrotron radiation photoemission spectrosco
~SRPES! used in the present work was performed at the N
tional Synchrotron Radiation Laboratory, Hefei. Samp
used in the experiment were mainlyn-type ~carrier density
231018 cm23) InP and n-type ~carrier density 5
31017 cm23) GaP ~100! wafers. They were ultrasonicall
cleaned in trichlorethylene, acetone, and ethanol in sequ
for about 5 min each, etched in dilute HCl solution~about
5% v/v! for about 2 min, and then dipped in freshly prepar
neutralized~NH4!2S solution at room temperature for abo
2970003-6951/98/73(20)/2977/3/$15.00
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10 h. The preparation method of the neutralized~NH4!2S
solution was described previously.4 After being rinsed with
deionized water and dried by flowing nitrogen, the samp
with mirror-like surfaces were transferred into the SRP
chamber. Base pressure of chamber was better tha
31028 Pa. The photon energies of 90 and 190 eV were u
in the measurements of the Ga 3d ~In 4d), and P 2p core
levels, respectively.

SRPES spectra of In 4d, Ga 3d and P 2p core levels for
the neutralized~NH4!2S-treated and subsequently annea
@in ultrahigh vacuum~UHV!# InP and GaP surfaces ar
shown in Figs. 1–3, respectively. All peaks were curve fitt
with fixed spin–orbit splitting shifts andd5/2/d3/2, p3/2/p1/2

branching ratios. They are, respectively, 0.85 eV and 1.5
In 4d, 0.86 eV and 2 for P 2p, and 0.43 eV and 1.5 for Ga

FIG. 1. SRPES spectra for In 4d of neutralized~NH4!2S-treated and post
annealed~in UHV! InP ~100! surfaces.
7 © 1998 American Institute of Physics
P license or copyright, see http://apl.aip.org/apl/copyright.jsp



s
d
ly
d
ee
.1
e
ul
.1
oc
iou

opy
ith

–S

and

ain
ties
t of

ity
ure.
aled
ved
de

the

-
ed
and
ng
two
ib-
ults

d
d in

00,

ree-
to
very
ed
t
po-

d
Ga

m on
d on

t
its

sly,
of

out
e

ing
ve
i-

t

t

2978 Appl. Phys. Lett., Vol. 73, No. 20, 16 November 1998 Yuan et al.
3d. The binding energies referred to below are the value
the d5/2 and p3/2 levels with respect to the valence-ban
maximum of the clean InP and GaP surfaces, respective

Figure 1~a! shows an In 4d spectrum of the as-treate
InP ~100! surface, in which the peak can be fitted by thr
overlapped components at binding energies of 17.60, 18
and 18.70 eV, respectively. The component with the low
binding energy corresponds to the In atom in the InP b
state. The other two components with chemical shifts of 1
and 0.50 eV, respectively, should be indium sulfide ass
ated, as no Cl signal could be detected. Since prev

FIG. 2. SRPES spectra for Ga 3d of neutralized~NH4!2S-treated and pos
annealed~in UHV! GaP~100! surfaces.

FIG. 3. SRPES spectra for P 2p of neutralized~NH4!2S-treated and pos
annealed~in UHV! GaP~100! surfaces.
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SRPES and high-resolution x-ray photoelectron spectrosc
~XPS! results showed that only indium sulfide states w
small chemical shifts of 0.6,6 0.5,7 and 0.4 eV~Ref. 8! could
be found at the basic~NH4!2SX or ~NH4!2S-treated InP sur-
faces, the present data suggest that the neutralized~NH4!2S
passivation can result in the formation of stronger In
bonds on the InP surfaces.

In 4d spectra of the samples postannealed at 300
450 °C for 30 min are shown in Figs. 1~b! and 1~c!, respec-
tively. The chemical shifts of the sulfide components rem
constant during the annealing process, while their intensi
decrease with the annealing temperature relative to tha
InP bulk. The component with chemical shift of20.85 eV in
Fig. 1~c! is related to the metallic In state, whose intens
would further increase at elevated annealing temperat
Despite that, the sulfide states still existed on the anne
surfaces and a mirror-like surface could also be obser
with naked eyes. This indicates a high stability of the sulfi
states formed on the as-treated surfaces, consistent with
observation of Andersonet al.15

In Fig. 2~a!, a Ga 3d core level spectrum of the as
treated GaP~100! surface is shown, and three overlapp
components appear at binding energies of 18.40, 19.16,
20.07 eV, respectively. The peak with the lowest bindi
energy was assigned to the GaP bulk, and the other
peaks with chemical shifts of 0.76 and 1.67 eV were attr
uted to Ga sulfide states. However, previous XPS res
show that only a 0.58 eV shifted Ga 3d component could be
detected at the basic~NH4!2S-treated GaP surface.18 It is then
obvious that the neutralized~NH4!2S treatment can indee
form strong Ga–S bonds as we have previously observe
GaAs.4

Ga 3d spectra of the surface postannealed at 250, 4
and 530 °C are shown in Figs. 2~b!–2~d!, respectively. Up to
the highest temperature, there remains the overall th
component structure, with the intensity ratios of shifted
bulk components kept almost constant. These results are
similar to those previously observed from the neutraliz
~NH4!2S-treated GaAs surface.4 Upon further annealing a
higher temperature, the intensity of Ga–S related com
nents decreased and a peak with chemical shift of20.60 eV
appeared~not shown here!, this component is surely relate
to the metallic Ga state. So at least up to 530 °C, the
sulfides formed are quite stable.

Another effect of neutralized~NH4!2S treatment on InP
and GaP surfaces, is that stable P–S bonds can also for
the as-treated surfaces. No such species have been foun
the basic~NH4!2S-treated surfaces.5,8,14,18 P 2p core level
spectra of as-treated and postannealed GaP~100! surfaces are
shown in Figs. 3~a!–3~d!. A component with chemical shif
of 4.60 eV can be observed in all of these spectra, though
intensity decreases with increasing temperature. Obviou
the stability of this component is much higher than that
As–S bond which was completely desorbed at ab
200 °C.4 Similarly, shifted P 2p component appears in th
spectrum of the neutralized~NH4!2S-treated InP~100! sur-
faces ~not shown here!, with a fair thermal stability. Al-
though P–O bonds and P–S bonds have very similar bind
energies~P 2p spectra of GaP and InP surfaces with nati
oxides not shown here!,10,20,21the present peak with chem
P license or copyright, see http://apl.aip.org/apl/copyright.jsp
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cal shift of 4.60 eV can be attributed to P–S bonds beca
only a trace amount of oxygen was detected, as in our
vious observation.22 Furthermore, this component is ver
similar to that of sulfide-vapor-treated InP surfaces,20,21 and
does not appear on the basic~NH4!2S-treated GaP~InP!
surfaces.7–9,18 The observation that stable P–S bonding c
exist at as-treated III–V phosphide surfaces is consis
with the results of recent theoretical studies.11–13

Based on the above photoemission data, we can estim
the thickness of the sulfide layer formed on the as-trea
surfaces. If we assume that the sulfide layer covers the
dipped surfaces uniformly, the relationship between the in
grated intensity of the sulfide state,I s , and that of the bulk
state,I b , can be represented as

I s /I b5@12exp~2d/l cosu!#/exp~2d/l cosu!, ~1!

wherel andu are the mean-free path~;0.5 nm! and takeoff
angle~;0°! of the photoelectrons, andd is the thickness of
the sulfide layer. The calculated sulfide coverage is abo
MLs on the neutralized~NH4!2S-treated InP or GaP surface
Previously reported sulfide coverages were less than 1
for basic~NH4!2S or ~NH4!2Sx-treated InP surfaces7–9 and at
most 1 ML for ~NH4!2S-treated GaP surfaces.18 This means
that a thicker sulfide layer can be formed on the neutrali
~NH4!2S-treated GaP and InP surfaces.

The SRPES data presented show that a thicker su
layer with P sulfide in it and with chemical shift in the rang
of 1.3–1.7 eV for Ga sulfide and 0.9–1.1 eV for In sulfi
can be formed on neutralized~NH4!2S-treated GaP and InP
surfaces. The stability of P sulfide formed is much high
than that of As sulfide. Hanet al. recently reported that InP
surface covered with a thick sulfide layer was more resis
to oxidation or less influenced by a long time exposure t
moderate vacuum.10 The behavior of the Ga sulfide in th
present case is very similar to that on the neutraliz
~NH4!2S-treated GaAs surfaces.4 Considering the fact that P
sulfide and the stronger Ga–S~In–S! bonds are not formed
on the basic~NH4!2S-treated GaP~InP! surfaces, the presen
data further confirm the passivation mechanisms in the
~NH4!2S solutions we suggested previously.4 When dipped in
a ~NH4!2S solution, the native oxide layers on the GaP or I
surfaces are effectively removed first, as AES measurem
indicate,22 then the S22 ions in the solution bond to the G
~In! and P atoms on the GaP~InP! surface and form Ga~In!
and P sulfides. As P sulfides are highly soluble in the ba
solution,23 the coexistence of reaction and dissolution resu
in only a very thin sulfide layer on the basic~NH4!2S-treated
Downloaded 23 Sep 2004 to 128.59.150.180. Redistribution subject to AI
se
e-

n
nt

ate
d
s-
-

2

L

d

e

r

nt
a

d

o

ts

ic
s

GaP~InP! surface. Reduction of the solutionpH value ~ba-
sicity! to neutralization reduces the solubility of the Ga~In!
and P sulfides in the solution. As a result, the sulfide form
can stick well on the surface and further deep sulfuration
occur.

In conclusion, the present SRPES data show tha
thicker and thermally stable sulfide layer with P–S bon
and strong Ga–S~In–S! bonds is formed on the neutralize
~NH4!2S-treated GaP~InP! surfaces.
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