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1. Introduction 

The development of compound semiconductor 

based electronic devices(especially GaAs) has been 

impeded by a high number of surface states that pin 

the Fermi level near midgap. ln 1980, Massies et al 1). 

were the first to use sulfur as a way of treating the 

GaAs surface. However, it was not until 1987 that 

Sandroff et al2). reported dramatically improved 

heterojunction bipolar transistor (HBT) gains 出 a

result of treating the GaAs surface with an aqueous 

sulfur solution. These gains were widely interpreted 

as direct evid巴ncethat treating the surface with sulfur 

resulted in a drastic decrease in the number of defects 

at the GaAs surface. The work also ignited a flurry of 

activity with 巴lectrical characteristic measureｭ

ments 羽ー 問 (Photolum inescence, C-V and トV) all 

indicating a dractic reduction in surface defects 

following treatment of the GaAs surface with sulfur. 

While there is debate over whether the F，巴rmi level is 

unpinned, DLTS measurments indicate that the GaAs 

midgap state is virtually removed with only one 

defect state remaining near the valence bandsベ Since

midgap states are most efficient as recombination 

centers "1, the results show that even if the Fermi level 

remains pinned, an improved surface results in fewer 

defect states that can act as recombination traps. A 

typical example of the improved quality for three 

日 L-V compound semiconductor surfaces is shown in 

Fig.1 $) Here, the Schottky Barrier Height(SBH) is 

plotted for the deposition of three different metals(ln, 
AI and Au) on three different 111 ・V compound 

semiconductors. The results c1early demonstrate that 

the SBH exhibits a greater d巴pendence on the work 

function of the deposited metal for the cases where 

the surface was treated with Sulfur. While the SBH 

values for the S treated cas白 are not what one 

expects in the ideal case where the Fermi level is 

completely unpinned, the improvement with respect 

to the as etched GaAs surfaces is signif兤ant. Several 

yea凶 after the �ntial flurry of work on sul fur 

passivatíon, Sandroff and oth巴rs reported the 巴ffec­

tiveness of Se in passi¥'at匤g the GaAs surface 1$・問.

Wh il巴 both S and Se are group VI elements, Se is 

advantageous in that the diameter of Se is similar to 

Ga and As and is ultra high vacuum compatible. In 

contrぉt， S forms more stable compounds. Details of 

the structure and chem兤al bonding of the S and Se 

treated GaAs surface under a var冾ty of conditions 

will be discussed later in more detail. 

The diagram in Fig.2 is shown to illustrate the 

diversity and relevance of surface passivation. The 

goal of this work is to fabricat巴 high quality surfaces 

and interfaces that are necessary for manufacturing 

special electronic devices. Progress has been limited 
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dramatically im嶋

proved properties resulting from surface passiｭ

vation 34)鴨川. Because of space and time limitations, the 

work reported here will focus on surface studies 

relating to the passivation of GaAs surface by S and 

Se. In addition, the AI/S/GaAs, CaF2/S/GaAs and 

Pd/S/GaAs systems will also be discussed illustrating 

a number of distinct processes that take place at these 

interfaces. Finally surface segregation and oxidation, 

which remain two serious problems associated with 

surface passiviation, will be considered. 
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experiments were both performed on Beamline lA at 

the Photon Factol)' in Tsukuba. A schematic of the 

instrument used in the photoelectron measurements is 

shown in Fig.3 40). In this surface analysis system , one 

of the key characteristics is that an MBE chamber is 

connected to the analysis chamber. Thus, one can 

prepare surface and interfaces in a vel)' controlled 

way in the MBE chamber and transfer them without 

breaking vacuum to the surface analysis system 

where the S衣PES measurements are carried OUt. In 
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addition, the surface structure can be monitored both 

by Reflection High Energy 

tion(RHEED) and/or Low Energy Electron Diffracω 

tion (LEED). In the photoelectron experiments, the 

synchrotron photon energy was adjusted using a 

grating/cl)'stal monochromator
41
) to obtain surface 

sensitive information for the synchrotron radiation 

photoelectron spectroscopy (SRPES) measurements. 

An excitation energy of 210 e V was used for the S 

treated samples, thus allowing one to effectively 

excite the S 2p electrons. A photon energy near 90 e V 

was used for the Se treated GaAs systems. The total 

energy resolution is near 0.3 and 0.5 e V for 90 and 

210 eV excitation respectively. 

As an aid in the interpretation of the photoelectron 

be presented shortly, an energy level 

diagram for an n type semiconductor is shown in 

Fig.4. The solid line represents a typical case where 

there is a significant degree of band bending as a 

Diffrac-Electron 
γhe Schottky Barrier Height(SBH) is plotted 
for In , AI and Au deposited on GaP , GaAs 
and InP for the as treated and S treated 11 トv
semiconductor surface. 

due to the high number of surface defect states. In 

addition to GaAs, InP and GaP are also promising 

materials that have also been the subject of surface 

studies 20)-28) since surface 

Fig.1 

unacceptably large for these materials. By examing 

different means of surface passivation by S and Se in 

a varieザ of forms and techniques 29)-33), greater insight 

into surface passivation and more effective surface 

passivation methods may be found. Additional invesｭ

tigations into surface passivation by changing the 

overlayer and the possibility of using materials other 

S and Se for passivation are also possible. 

Finally, it should be stated that a wide variety of 

results to 

are defects passlvatlOn 
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Substrate Passivation Agent Parameters 

GaAs, InP, GaP Sulfur 
Selenium 
Tellurium 
Silicon 

Buffer lnsulator/Se 
VDW Solids 

Temperature 
Laser, Elec. Irrad. 
Method 
(Dip, MBE, 
Electrodep.) 
Crystal Orientation 

Fabricate good surfaces and interfaces 

Devices: 

Metal-Semiconductors with High Schottky Barrier Height 

M-I鍋S Structures with low Interface DOS 

Heterojunctions 

Solar Cells 

Fig.2 A diagram illustrating the rich variety of surface passivation studies 
possible that may lead to the fabrication of high quality surfaces and 

interfaces and ultimately high performance electronic devices. 
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Fig.3 A schematic diagram of the instrument used in the Synchrotron 
Radiation Photoelectron spectroscopy(SRPES) measurements. 
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Band bending and photoelectron spectral shifts 
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Fig.4 A schematic diagram illustrating band bendｭ

ing in the depletion reg ion for an n type 

semiconductor. The treated surface corre “ 

sponds to a reduction in surface defect 
states and a concomitant relaxation in band 
bending.γhe degree of band bending is 

identical for valence and core levels and is 
easily probed by energy shifts observed in 

photoelectron spectroscopy. 

result of a high number of surface defect states. As a 

result of surface passivation, the surface defect 

density of states is reduced which in tum relaxes band 

bending in the depletion region. A relaxation in band 

bending can be observed as a shift towards increasing 

binding energy either in the valence band maximum 

(VBM) or core levels in the semiconductor. In this 

way, Photoelectron Spectroscopy provides a valuable 

means of correlating the density of surface defect 

states and surface chemical bonding changes. 

A schematic of the instrument used in the x-ray 

standing wave (XSW) measurement is shown in Fig.5 

叫. An incident beam of 3.1 ke V obtained from a 

double crystal InSb (111) monochromator was used 

to generate the X-Ray Standing Wave with the 

emission data collected by scanning around the 

GaAs(111) Bragg diffraction angle. The special 

characteristics of this instrument include precise 

angle scanning in UHV and analysis of light elements 

放射光第 6 巻第 2 (1993年)
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Fig.5 A schematic diagram of the instrument used 
in the X明Ray Standing Wave(XSW) measure欄
ηlents. 

such as Al, Si, P, and S since soft x-rays are used as 

the excitation source. The diffracted beam was 

measured directly by a metal grid while the floures帯

cence intensity was measured by a Si (Li) detector. 

Owing to the relatively large escape depth of x-rays, 

one has the capability of analyzing buried interfaces 

with thick over1ayers in a nondestructive manner. The 

instruments used for the SRPES and XSW measureｭ

ments are described in detail elswhere 40)-42). 

In contrast to photoelectron spectroscopy where the 

basic principles are well known by a wide range of 

people, the XSW technique still merits some introｭ

duction叫. The basic principle of the XSW technique 

is illustrated in Fig.6. In this figure, the region in 

which the standing wave is generated is shown in the 

top of this figure. By vary�g the substrate angle, the 

position of the standing wave with respect to the 

crystal planes can be varied. This is shown on the left 

bottom side of this figure. Thus, if the position of the 

designated atom coincides with a nodal point, the 

standing wave will not excite the atom resulting in 

little or no generation of photolectrons or fluoresｭ

cence x-rays from the designated atom. In contrast 

the reverse is expected when the x阻ray standing wave 

antinodal point coincides with the position of the 

designated atom. Thus, by varying the sample angle; 

the position of the designated atom can be precisely 

determined with respect to the crystal planes. In 

addition, the degree of positional disorder can also be 

determined by analysis of the broadening in the XSW 

profile. As expected, a broadening of the distribution 
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Fig.6 A diagram illustrating the general principles 
of the XSW technique. 

of atomic positions yields a broadening in the XSW 

generated yield of the designated atom. The intensity 

of the XSW generated signal (fluorescence or 

photoelectron signal) can be expressed by the followｭ

匤g equat卲n: 

Y(θ) = 1 + R (8) + 2CF (R (8))1/2 cos (2nP- δ(8) ) 

(1.1) 

where R (8) is the DrawirトPrins reflectivity of the 

crystal ， δis the phase shift between the standing 

ルray wave and the incident x-ray wave, F is the 

structural factor, and C is the polarization factor. Two 

additional parameters in the XSW equation are P, the 

average atomic position of the designated atom, and F 

which is related to the distribution of the designated 

atoms around this average position. This will be 

understood more clearly as we move on to specific 

studies. In this paper, the XSW results concentrate on 

the sulfur treated GaAs(111)A and (111)B surfaces. 

The reason for excluding the (100) surface is that 

209 

Bragg Diffraction on the (100) surface is very small 

owing to the nearly low Structure Factor(F) for this 

crystal face. Difficulties with resolving the Se L 

fluorescence peak from the Ga L and As L peaks 

prevent analysis of Se treated GaAs substrates by 

flourescence detection XSW. 

The samples were n type GaAs wafers(Si doped). 

Sulfur passivation was achieved by first immersing 

the GaAs wafer in a (NH4)2 Sx solution at 60
0

C for 1 

hour. The Ammonium Sulfide solution is particularly 

effective in passivating the GaAs surface because the 

basicity of this solution etches the GaAs leaving a 

pristine surface upon which the excess sulfur(x is 

normally 3) adsorbs on 44). The wafer was then placed 

in vacuum where the residual amorphous S overｭ

layers sublimes leaving only a monolayer or so of 

sulfur. A schematic of the surface preparation is 

shown in Fig.7. Deposition of the AI, CaF2 and Pd 

overlayers were done in-situ, but with the substrate at 

room temperature. Se passivation was achieved by 

first chemically cleaning the wafer in acetone, 

deionized water and a commercial alkali etchant. The 

wafer was then annealed under an As atmosphere 

until the surface oxides were removed. Following 

this, Se was deposited under a variety of substrate 

tem peratures. 

3. Surface Passi、ration

A. Sulfur 

As mentioned earlier, sulfur surface passivation has 

been shown to improve the overall electrical characｭ

teristics of GaAs. Inquiries into the mechnism 

responsible for the improved properties of the S 

treated GaAs surface resulted in numerous surface 

studies 45-55). Initially, the passivation effect was 

attributed to S bonding to As 45)ω50) However, soon 

studies began to indicate that while S predominately 

to As during treatment, the full effects of passivation 

are not realized until a ふAs to S-Ga exchange 

reaction, most commonly induced by annealing in 

vacuum, takes places叶ー A typical example of the 

temperature dependence on the chemical bonding of 

the surface in illustrated by Fig.8, which is a plot of 

the S 2p spectra for the S/GaAs(1ll)B surface as a 
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tion temperature was also found to correlate with 

crystal orientation and is discussed in detail else“ 

where55). 

210 

function of substrate temperature. In this experiment, 

the substrate temperature was increased at a rate of 10 

OC /min. while the S 2p spectra were recorded. Prior 

to annealing (RT), the S 2p spectrum indicates S To investigate this study further, a photoluｭ

minescence(PL) measurement was performed in-situ 

in order to correlate the surface chemical bonding 

changes with surface defect density changes 57). In 

photoluminescence, a higher number of defects can 

recombination centers generated 

electron-hole pair, thus reducing the PL intensity. 

Therefore, a greater PL intensity indicates a reduction 

in defect states. In Fig.9, the PL intensity is plotted as 

a function of annealing temperature for the sulfur 

bonding to both As and Ga. However, at a substrate 

temperature near 200 oC , an As-S to Ga-S exchange 

reaction takes place that is consistent with the greater 

thermodynamic stabillity of the Ga-S bond 56). This 

exchange reaction is also accompanied by a reduction 

in the number of surface defects states 51)引). At this 

the for as act 

stage, the surface bocomes well ordered and a 1 x 1 

LEED structure is observed. Prior to S desorption, 

for the two S predeso中tion states are observed 

(lll)B surface. The nature of these states is not well 

understood at present, but a similar phenomenon is 

also observed for the (111)A surface. The S desorp田

S S/GaAS(111)日
pre desorpti� slalﾉ!s 
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The photoluminescence(PL) intensity is 
recorded as a function of annealing temper欄

ature for the sulfur treated GaAs(100). 

treated GaAs(lOO) surface. The results indicate that 

annealing at relatively high temperatures is necessary 

to realize the full effects of surface passivation. This 

As-S to Ga-S exchange 

reaction shown in Fig.8. In the neighborhood of 600 

。c , S is desorbed from the surface resulting in a Ga 

rich surface with many defect states and a drastic 

reduction in the PL intensity. 

The As-S to GかS exchange reaction is not only 

thermodynamically reasonable 56), but also results in a 

lower density of states in the band gap of GaAs判的

and is also consistent with the Advanced Unified 

mode160) and 

States(DIGS) modelベ

The next figure(Fig.l0) is a plot of the S 2p spectra 

for three different crystal orientation of GaAs. There 

are two main differences between the top set of 

curves where the GaAs substrate was annealed at 480 

。C for 10 min and the bottom set of spectra where the 

Fig.9 

162 166 170 

Binding Energy(eV) 
158 

the with correlates well 

The S 2p spectra are plotted for the (111 )A, 
100 and (111)8 surfaces. The upper three 
spectra correspond to the S/GaAs substrate 
annealed at 480 oC for 10 min , while the 
lower three spectra were measured with no 
annealing ・

Fig.10 

annealing, these defferences disappear with no re “ 

AシS bonding and only small spectral 

three crystal orientations. In 

addition, a peak is observed in the high energy region 

in the 167-170 e V region which is attributed to a SOx 

species. This oxide disappears with annealing.τo 

summarize, annealing 1) intiates As-S to Ga-S 

exchange which passivates the surface, 2) produces a 

reproducible and well ordered surface and 3) removes 

surface oxides. 
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GaAs samples were not annealed. The first difference 

the main region of the S 2p spectra 

(l60-166eV) where the non annealed samples exhibit 

a range of AシS and Ga-S bonding that is more likely 

a result of prior sample treatment. However upon 

m lies 



(1993年)第 S 巻第 2 号放射光212 

and surface structure on the Se/GaAs surface 20) 叶 67)

In Fig.ll, the As 3d spectra are plotted for a variety 

of surface treatments. The clean As rich GaAs surface 

is characterized by an AトGa and surface As peak, 

thus yielding a relatively broad As 3d spectrum. One 

can see from Fig.ll that as the substrate temperature 

is raised under Se irradiation, the degree of AトSe

bonding is reduced and the degree of band bendｭ

ing(higher As 3d peak binding energy shift) also 

decreases. Details are descreibed elsewhere 65)イ7)

The Se 3d spectrum for Se treated GaAs(100) at a 

high substrate temperature is shown in Fig.12. In this 

figure, two spin orbit split Se states separated by 

about 1 eV are observed after peak deconvolution. 

the 

In addition to sulfur, selenium has also been shown 

be quite effective in passivating the 

surface 15)ー… Advantages of Se passivation include 

size compatibility(As and Se radii are nearly iderト

tical) and the ability to perform the passivation in 

UHV. Initially, the Se passivation 

performed by chemical means and misuderstandings 

into the mechanism responsible for the Se passivation 

effect were made 叶… However， recent irトsitu Se 

passivation studies have clarified the Se passivation 

mechanism and elucidated both the chemical bonding 

B. Selenium Passi司ration

GaAs 

were studies 

to 

m difference Initially, it 

coordination number between surface Se 

that believed was 

and Se 

imbedded into the bulk of GaAs near the surface gave 

rise to these two states 叫寸7) The reasoning was that 

less charge transfer took place at the Gaδe bond at 
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Se3d 
hv詔 90eV

35♂C， 5 mins 

22♂::;.5 mins 

20<fc. 40 secs 

53 55 57 

Binding Energy(eV) 

51 

As 3d 
SRPES 
hv ロ 90eV

350C 
5 mins 

(
ω
z
c
コ
円
七ω
)
k
A
M

一ω
c
s
c一
c
o
b
o
ω一ω
O
H
Oぷ
仏
力
的ω
ω

250C 
5 mins 

200 C 
40 secs 

225C 
5 mins 

200C 
5 mins 

(
ω
t
c
コ
・
ハ
七
回
)
k
d
B
c
g
c

一C
O
お
O
ω
一
のO
日O
L仏
刀
の
の
〈

Clean 

丁he Se 3d spectrum is plotted for Se 
deposited on GaAs(100) surface at a high 

substrate temperature. Peak deconvolution 
indicates two separate Se states and a Ga 
vancancy model consistent with these re欄

sults is shown in the bottom of this figure. 

Fig.12 
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In this figure , the As 3d spectra are plotted 
as a function of surface treatment. The 
vertical lines indicate changes in band 

bending. 
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improve S coverage on the GaAs surface further 

improving the prospects of passivation. In order to 

make a complete comparison, other factors such as 

segregation susceptibility, 

sistance, epitaxial overgrowth etc. need to be considｭ

ered as well. 

re嶋oxidation surface 

In summary, a number of similar trends are 

observed for both S and Se passivation. The first is 

that exposing the GaAs surface to the passivating 

the surface relative to bulk Se giving surface Se a 

higher binding energy. Recent polar angle resolved 

measurements by Maeda et al. ω) indicate that this 

assignment is incorrect with the low binding energy 

component ascribed to Se at the GaAs surface. 

Recently, a number of paper路s indicate t出ha抗t Ga向2Se句3 
can be grown on the GaAs(1 0∞Oめ) surface with Ga句2Se句3 
assuming anα-Ga匂2Se向3 phase structure with Ga 
vacanci記es ω附)但づ72)

also indicate t出ha剖t the s坑tn問lcture of Seザ/GaAs is very 

A model consistent with the α-Ga2Se3 

EXAFS and cross sectional TEM results as well as 

angle resolved SRPES is shown in Fig.13 的. In this 

similar to 

case, the Se(1) component has a vacancy as a nearest 

neighbor, while the high binding energy Se compoｭ

is bonded to only Ga atoms with no Ga 

detailed theoretical band or 

Side projection of Se/GaAs(1 00) with Ga 
vacancy model prior to oxidat�n. 

A proposed model for the Se/GaAs(100) 
surface consistent with the Ga vacancy 
model. 
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vacancies nearby. A 

molecular orbital calculation is needed to provide 

insight into the degree of change transfer for the two 

different Se species, but this has not been done yet. 

One of the potential advantages of Se is the control 

of the passivation process since treatment can be done 

in-situ by MBE. The controllability is demonstrated 

in Fig.14 72). In this example, the GaAs substrate was 

exposed to a Se flux for suちstrate temperatures 

ranging from 200 to 350
0

C . The results show that the 

degree of band bending can be controlled by varying 

the substrate temperature which is correlated also 

with the degree of As remaining at the surface and 

degree of Se order. No additional band bending 

reduction is observed for substrate temperatures 

exceeding 350 oC , suggesting this is the optimum 

temperature for Se passivation. 

A comparison of S and Se surface passivation 

based on band bending is made and shown in Table 

1. One can be from this table that Se provides the 

opportunity for achieving a nearly flat band condiｭ

tion, which is most likely the result of the greater 

incorporation of Se in GaAs since the passivation is 

nent 

The degree of band bending(left vertical 
axis) is plotted as a function of substrate 
temperature. The degree of band bending 
reduction is also correlated with the degree 
of remaning As-Se. 

200 250 300 350 
Substrate Temp(C) 

done at elevated temperatures. In contrast, conveル

tional sulfur passivation is constrained by the limited Fig.14 

amount of sulfur that remains on the surface pior to 

-41-

annealing. However , other means of S treatment by 
atomﾍc S 29), H

2
S 30)，判別 and other means叶33) may 
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A concise summary of the band bending changes observed for 
both S and Se passivation under various conditions. 

丁able 1 

Sulfur Band Bend (eV) Selenium Band Bend (eV) Passivation Passivation 

Clean surface 0.8 Clean surface 
0.8 (As rich) (As rich) 

As-S 0.8 As-Se (RT) 0.6 

Ga-S 0.5 250
0

C 0.5 Anneal 

(G55a0-℃Se ) 0.3 

AfterS 
1.0 After Se 

1.3 Desorption Desorption 
__J_ 
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‘­吐3

600 含
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590 乏
..... 
。

cn 
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580 0 
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S Desorption temperature 隠
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0.4 
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0.1 

0.0 

丁he degree of S surface segregation Rs 
accompained by CaF2 deposition is plotted 
for the GaAs (111 )A , 100 and (111)B 
surfaces. the figure shows that Rs is 
correlated with the S desorption temperｭ
ature , the S-Ga coordination number and 
the S 四Gatheoretical binding energy. 

3 2 

Fig.15 

agent(S or Se) is not enough to realize passivation 

and that an activation barrier needs to be surpassed to 

that surface As is replaced by either S or Se to form 

themodynamically stable GaS 

species. In the examples here, we have shown that 

this reaction takes place by simply annealing the 

GaAs substrate. Others have shown that this reaction 

can take place by either electron bombardmene
2
) or 

exposure to synchrotron radiation 33). The second point 

to realize that the surface passivation effect is only 

realized by forming a species that produces less 

surface states. In the case of Se and S, it is fortuitous 

that the most thermodynamic state is also the state 

which produces the fewest surface defect states. Now 

the basics of surface passivation have been 
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or GaSe the more 

that 

discussed, the next step is to consider the growth of 

overlayers and how this effects the passivated sur-

devices, 

overlayer must be deposited on the passivated 

surface. The overlayer will of course depend on the 

nature of the device and application. Let us first 

consider the deposition of CaF 2 which is an attractive 

case since the lattice mismatch between 

passivated GaAs would be MISFET device. Depoｭ

sition of CaF 2 on S/GaAs results in surface segreｭ

gation of S(設s) which as shown in Fig.15 is directly 

correlated with the S-Ga coordination numちer smce 

an based GaAs 
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CaF2 and 

GaAs is small and CaF 2 evaporates as a molecule. 

An obvious application for depositing an insulator on 
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Fig.17 A side view of the GaAs(lll)A and (111)8 surfaces following CaF2 
deposition , as determined by XSW. The coherent fraction F and 
position P are also tabulated in the bottom of the figure for the 
(111)A and (111)8 surface prior to and after CaF2 deposition. 

strength is as follows:(111)B>100>(111)A. Thus, the 

degree to which S remains at the interface in the 

presence of the CaF 2 overlayer is related to the S-Ga 

bond strength. These results are also consistent with 

the x-ray standing wave(XSW) profiles for CaF 2 

/S/GaAs(111)A and B obtained by Sugiyama et al. 

叫明 and shown in Fig.16. From these profiles, the 

adsorbate position P relative to the (111) net plane 

can be obtained and is shown in Fig.17. The coherent 

diffraction parameter F indicate the degree of order蜘

ing of S with larger values corresponding to greater 

ordering. The F values tabulated in the bottom of 

Fig.17 for the two surface prior to and after CaF 2 

deposition indicates that there is an almost complete 

ordering for the(111)B surface, while there is some 

randomness of the S positions for the (111)A 

orientation. Thus, the weak SωGa bond for the (111)A 

surface predisposes S to segregate to the surface and 

to assume a degree of randomness at the buried 

interface. In contrast, there is very little S surface 

segregation and nearly complete S ordering for the 

stable CaF 2/S/GaAs(1l1)B interface. Details of the 

SRPES and XSW results for this system are discussed 

in detail elsewhere 74)笹川
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B. AI!S/GaAs 

The Al/S/GaAs interface is another interesting 

interface example. In this case, deposition of Al on S 

passivated GaAs is characterized by an Al to Ga 

exchange reaction in the photoelectron spectra shown 

is Fig.18. To further investigate this system, depth 

profiling via sputter Auger Electron Specｭ

troscopy(AES) was performed on a similar sam “ 

ple(Al/S/GaAs(1 11)A), as shown in Fig.19. In this 

depth profile, segregation of Ga to the surface is 

observed while S remains at the Al/S/GaAs interface. 

These results are consistent with the relative thermo-

dynamic strength of AI-S relative to either AトGa or 

Ga-S 56). The position of the S atom at the Al/S/GaAs 

interface was also investigated by Sugiyama et al. 78) 

using XSW with the experimental data and theoretｭ

ical fits plotted in Fig.20. One can see that as a result 

of the exchange reaction, the S atoms become more 

disordered upon Al deposition and that disorder is 

greater at the relatively unstable (111)A interface. 

The Schottky Barrier Heights(SBH) are also shown in 

Table 2 where the SBH value approaches the ideal 

Schottky barrier limit, but is still far from the 

theoretical limit. Several reasons for this include 

incomplete passivation and damage during Al depか
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Fig.20 The XSW profiles are shown fot both AI/S/GaAs(111)A and 

AI/S/GaAs(111 )B. 

5. Proむlems and Proposed Solutions 

A. Surface Segregation and Intermixing 

1n this section, two problems that have limited the 

development of this field will be addressed: surface 

segregation and oxidation. The deposition of Pd on 

the S/GaAs surface illustrates the problem of surface 

segregation upon overIayer deposition since Pd is a 

fairly reactive metal and is well known to react with 

both As and Ga. The work is also motivated in part 

by the high work function of Pd which should in 

theol)' result in a diode with a high SBH. Until now, 

this has not been realized since surface defect states 

pin the Fermi level resulting in a much lower SBH. 

The XSW profiles for Pd/S/GaAs(111)A and B are 

plotted in Fig.21 75). The similarity in the reflectivity 

and XSW profiles for both the (111)A and (111)B 

、surfaces indicate that the S atoms are relatively 

randomly distributed with respect to the (111) cl)'stal 

planes. SRPES measurments indicate that Pd reacts 

with As and Ga and also causes S to segregate to the 

surface 79). This is confirmed by the Auger sputtering 

depth profile shown in Fig.22 . As one can see in this 

Table 2 The electrical characteristics are 
shown for the AI/S/GaAs(111)A 
and AI/S/GaAs(111)B systems. 

Electrical Characteristics 

Metal/GaAs: Schottky Diode (ト V)

1. Al deposition: 

Sample (111) A (111) B 

Al/S/GaAs 0.62 eV 0.57 eV 

Al/GaAs 0.7 -8 eV 0.66 eV 

Ideal value: 0.21 eV 

Al!S/GaAs closer to ideal SBH than Al/GaAs 

Passivation effect, but not complete: 

1. Incomplete passivation , coverage etc. 

2. Gap states induced by metal , exchange etc. 

figure, S segregates to the surface with no S 

remaining at the Pd/GaAs interface. 1-V characterｭ

istics were also performed and the results compiled 

-45-
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The XSW profiles are shown for both Pd/S/GaAs(111)A and 
Pd/S/GaAs(111 )日 The similarity between the XSW profiles and 
the reflectivity yields indicates that S is randomly distributed with 
respect to the (111) crystal planes. 

Fig.21 

The electrical characteristics are 
shown for the Pd/S/GaAs(111)A 
and Pd/S/GaAs(111)8 systems. 

II. Pd deposion: 

Table 3 

(111) B (111)A Sample 

(
.
ロ
.
吋
)

む
刊
∞
口
川
出
口
同

0.89V 

Pd/GaAs 0.89V 

ldeal value: 1.05 eV 

0.79 eV 

0.79 eV 

Pd/S/GaAs 

60 。

Reactions at interface, passivation effect destroyed 

by depositing a stable buffer layer between S and 

Pd 80). 

Pd/S/GaAs and Pd/S/GaAs pinned at same level 
An Auger depth profile was performed. In 
contrast to AI/S/GaAs , all of the sulfur 
segregates to the surface. These measure岨

ments are consistent with SRPES measureｭ
ments where Pd causes S segregation and 

forms compounds with As and Ga resulting 
in a degradation of the interface. 

Fig.22 

promising buffer layer 

Ga2Se3, since this material can be grown on a GaAs 

substrate 明白 72)， 8 1). The graphite like nature of Ga2Se3 

not only relaxes the lattice mismatching of heterropｭ

itaxial growth, but also seems to mitigate damage 

induced by overlayer deposition, as indicated by the 

ideal Schottky Barrier Heights obtained for a variety 

of metals deposited on a Ga2Se3 substrate 82)・ 83)

IS candidate Another 

in Table 3. 1n this table, one can see that while there 

is a difference between the SBH for the (111)A and 

(111)B surfaces(which is not understood at this time), 

there is no difference between the Pd/S/GaAs and 

smce 

-46-
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following Pd deposition. 

Recent attempts to mitigate this surface segregation 

and alloying has been attempted with some success 
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In order to correlate the PL measurements with 

surface chemical bonding changes, SRPES measureｭ

ments were also performed. The Ga 3d spectra shown 

in Fig.24 indicates that this degradation in associated 

with surface oxidation. The details of surface oxida-

tion are similar for S and Se passivation and proceeds 

with Ga first being oxidized, followed by As and S( or 

Se). Band bending changes are observed before many 

of the chemical bonding changes are observed 

indicating that only a small degree 

degradation gives rise to a significant increase in 

surface defect states seriously degrading the passト

surface. Details of the surface oxidation 

mechanism are discussed in detail elsewhere叫 5}

of surface 

vated 

One of the major problems with GaAs surface 

passivation is that the surface is quickly degraded and 

the full effects of passivation lost upon exposing the 

passivated sample in air. In order to understand the 

mechanism in which this degradation takes place, 

oxidation studies have been performed both on the S 

and Se passivated GaAs surface 84). In Fig.23, the PL 

intensity is plotted for the S/GaAs passivated surface 

as a function of exposure time in atmosphere. The 

that the effects of surface 

B. Oxidation 

A possible way of overcoming the deleterious 

effects of surface oxidation is to deposit an overlayer 

which can react with oxygen and induce oxygen to 

segregate to the overlayer. Suitable overlayers can be 

considered on the basis of the relative stability of the 

overlayer oxide relative to any possible substrate 

oxides(GaZ03 is the most stable oxide component for 

the oxidized S/GaAs system). A 

candidate is Al since the Heat of Formation, a good 

indicator for thermodynamic stability, for Alz03 is 

much greater than GaZ03 ・ In order to demonstrate 

this idea, a Se passivated GaAs(lOO) sample was 

exposed for one hour in atmosphere. After exposure, 

figure cleary 

passivation are completely lost after only 10 minutes 

of exposure. To insure that the degradation was not 

artifically induced by the laser source, similar time 

dependent PL measurments("in vacuum") were per帽

formed. The results unequivocally demonstrate that 

degradation is a result of surface degradation from 

shows 

exposure in atmosphere. 

suitable GaAs 
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The Ga 3d SRPES spectra were recorded 
as a function of atmospheric exposure time 
indicating that PL degradation is indeed 
associated with surface oxidation. 

Fig.24 

-47-

丁he PL intensity is recorded for a sulfur 
passivated GaAs(100) sample as a function 
of exposure time in atmosphere. The reｭ
sults indicate the PL intensity degrades 
within a short time(10 minutes) as a result 
of oxidation that generates surface defect 
states.γhe "inωvacuum" measurements 
were pe付ormed to insure that the PL intenｭ

sity reduction was not caused by any laser 
induced artifacts during the PL measureｭ

ments. 

Fig.23 
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Fig.25 Deposition of a very thin AI overlayer on the 
oxidized(and degraded) Se/GaAs surface 
rejuvenates the surface since the oxygen 
segregates and combines with the AI overｭ
layer. 

a high binding energy component attributed to 

GaZ03 was observed and a low B. E. Shift ascribed to 

a band bending increase was observed. Following 

exposure, the sample was placed in the vacuum 

chamber where a vel)' thin Al overlayer was depos舶

ited. The Ga 3d spectra for this case is shown in the 

top of Fig.25. Curve fitting has been performed and 

indicates a good fit between the raw data and the 

synthetic spectra. Further, no Ga oxide component 

was observed. Finally, a significant band bending 

reduction was observed resulting in a flatter band 

relative to the unoxidized Se/GaAs surface. Thus, this 

study indicates that the degraded surface can be 

rejuvenated by deposition of an appropriate overｭ

layer. The overlayer oxide is expected to be stable 

and thus may also prevent or at least mitigate surface 

segregation of S or Se accompanying desposition of a 

reactive overlayer such as Pd. Details of this work are 

discussed elsewhere… 

放射光第 8 巻第 2 号 (1993年)

In addition, recent investigations using AS2S3 as a 

capping layer have been attempted since this imｭ

permeable glassy compound prevents oxygen from 

diffusing to the GaAs surface. Recent studies have 

indicated that the passivation effect can last as long as 

4 months 87), 88). 

6. Conclusions 

The surface chemical bonding and structure of the 

S and Se passivated GaAs surface have been inves時

tigated in detail by SRPES. The XSW technique also 

provides unique information on S at the buried 

interface in a nondestructive manner. The results 

indicate that to realize the full effect of surface 

passivation, an As to S(Se) exchange is neccessary, 

thus requiring thermal annealing. Thermal annealing 

also results in the removal of surface oxides and a 

more reproducible surface for S treated GaAs. The 

passivation of GaAs by Se has also been demonｭ

strated indicating the superior control achieved by 

this technique since passivation can be done in UHV. 

In addition, a Ga vacancy model for the Se/GaAs 

surface is proposed. The key point seems to be in 

overcoming an activation barrier so that S or Se can 

replace As located at the surface to form a more 

thermodynamically stable GaS(Se) species that also 

reduces the number of surface defect states. 

The deposition of overlayers on the S passivated 

GaAs surface by three different overlayers illustrate 

the different types of phenomena that can be observed 

in these interfacial studies. Deposition of CaF z on 

S/GaAs results in S surface segregation that is 

correlated with the ふGa bond strength. In addition, 

the degree of sulfur ordering at the CaF z/S/GaAs 

interface is greater for the (111)B surface where S 

segregation is vel)' small. Deposition of Al on 

S/GaAs results in AI to Ga exchange, surface 

segregation of metallic Ga and the formation of a 

thermodynamically stable Aluminum Sulfide interｭ

layer. Deposition of Pd results in complete segreｭ

gation of S to the surface and complete destrcution of 

the passivation effect. 

Finally two problems associated with surface 

passivation, surface segregation and oxidation, were 
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discussed and possible solutions to these problems 

explored. An innovative method for rejuvenating the 

oxidized passivated surfaces was also demonstrated 

that results in an surface with little band bending and 

a stable interface that may also prevent S( or Se) 

segregation upon deposition of a reactive overlayer 

such as Pd. 
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