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GRAPHICS DISCLAIMER

All figures, graphics, tables, equations, etc. merged into this
translation were extracted from the best quality copy available.
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Comparative Studies of Llectron Affinities

and Work tunctions for GaAs and 2

Xing Yirong
'nstitute of Semiconductors, Chinese

Academy of 5Sciences .
W. Ranke
Fritz-Haber-Institute of Max-Plank-Society
Abstract

TUltra-violst Photoemission Spectra (UPS) involving wore:

teve! photoemissicn peaks ( Ga 3d for GaAs and 2i Zp for S1)

is measured for the (111), (110), (111), and (LOI) surfac

1

S
of GaAs and Si using the !ight from a Helium lamp (Z1.2 eV
and 40.8 eV) and from the Berlin synchrotron radiation
source BESHY (108.6 eV), respectively. These surfaces are
prepared by ion bombardment and annealing on cylindrically
zhaped GaAs and Si crystals with [TIO] as their axis. The
GaAs cylinder is in addition prepared by molecular beam

epitaxy yielding As~rich phases on (11T) ana (007). The work
- LY
n

Function\ ana’the electron affinity XX are evaluated from
the low energy (secondary =lectron) threshold and the energy
pecsition of the core level photoemission peak. [t is zhown
that due to the crystal pelarity and differences in surtace

composition, the electron affinity depends strongly on .

36

[ X}




R Rttt A A

\
)
s’:.i
+
if
P
=
e
-"_\‘ \
- .
' Cothe orientation tfor CaAs. For Si, fthe missing bulx poeiarity
'Lx.
o
A - S peag - - T t- - o~y - = | e 1 H = . ~ N -,
h" P: orecpensible For the smal! variations of 24, which moy Cw
-
- caused by the diffa ent surface reconstructions. 0On GaAs,
, o
" the Variation of ¢ and X are essenrntially parallel ndicating
.l
*- . » . .
§ no strong banc bending variations., On Si, howewer, the
N .
0¥ . o LD o
4 relatively strong variations of indicate strong variations

of the band bending.

58 /&T
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?? I. Introduction

(";.-

SN The change of work function @ of metals reflects the

-2 electric dipole of atoms in the surface layer. Both theory and
-.::\ |2

X exper iment have proved [1+€] that the value P is related tc
ny the crystalline orientation; it has the maximum value in the

closed-packed plane and decreases with the decreasing of

o atomic density. For example, the Ps of tungsten in different
. crystal planes can have a difference of about 20%2L5) . This

chenomenon can be explained by the smoothing effect of

!E; distribution of surface charge densityil]. Specifically, the
g%# distributicn of positive icns in the Wigner—-Seitz primary
~§§ cell is uniform. In order to minimize the total energy, the
éi moveable electronic charges will relax and produce the

; surface electric dipole which decreases the work functicn
3; and is crysztalline orientaticn dependent.

J: For semiconductor crystallines, it is the change of the
.. electron affinity X of electrons that reflects the surface
23 2

o

e

-"'-') *’J‘ -.‘L' - - ..
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, elect-ic dipote. GaAs is partially-polarized compouvrc . The
133
ﬁ\ Changs of 2 Ts mainty attributed to the Sryst3l! ins ool i,
- and surtface composition, and the smoothing effect of surtace
' Oy
lAN . . 3]
et charges is not importantl . But for unpolarized covalent
- semiconductor 37, how will X change with the crystzlline
p
orientation? Does the smoothing effect of surtace charges
e affect it? This paper will answer these questions, and the
-
.f: winred positions of Fermi 2nergy of saveral !ow-index
w0
O surfaces of GaAs and Si will be given.
o
) . . .
B 2. Principles of Measurement
\1
o
s
The electronic affinity, work function, surface Fermi
(e energy and other parameters are determined by photoemission ]

specktroscepy. The principle of this technigque is shown in

S,

P
P
PR R

.
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Fig. 1.
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Tig. 1. 'he orinciple of determining 2lectronic
affinity, work function, and cother parameters with
photecemissicn spectroscopy.

hV - £nerqgy of incident photons, Ekin - Kinetic energy

of photo electrons, W - the total width of the photo

electron spectrum, b, - Threshold of second electrons, Ey -
High energy threshold, Evac - Vacuum energy 'evel, E. -
Energy of bottom of conducticon bend, EV - energy of top of
valence band, B, - width of forbidden zone, Ef - Fermi
energy, EFVS - Surface Fermi energy, X - Electronic

affinity, § - work function, €- lonizaticn energy, qV5 -

Surface potential barrier.

1 - Photoelectron; 2 - Second electron; 3 - States of
valence electrons; 4 - Core states; 5 - Sample; 6 -
Analyzer.
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The change of high energy (etectron Kineti: energy)
E . . . _

“H directly gives out the change of surfac:
potentia! barrier qu, that is:

AR, = Aa(gvy) (D

The threshold of lcw energy (second 2lectron) of phioto

electrons, tL, directly reflects the change of work function

Q, that is:
AEL =Ag = X + a(gVy) (2)
1f EL and EH are measured simultaneously, we can obtain
the relative change of electron affinityaX, that is: a X

From Fig. |. we &lso can learn that if the energy of
the incident photons is known, X (or the ionization energy)
and O can Lbe calculated using the total width W of

H = h, -4

hy .'—Eg (2r

is:

photoemission spectrum and aV_, That

€= hy - W) and @ = - (Lp = E\)y + aVg. where (Ef - Ey)p iz
the difference of the bulk Fermi energy EF and the enerqgy of
the top of valence band. As socon as the values of £ and 4
are known, the pinned position of surtface Fermi energy can
be obtained. That is the difference of EF and Ey in the
surface: Ep o = (Ep - Ey) = &- 4. The value of gVg can be
determined according to the known value of .

In the experiments, it i3 difficu't to measure the

pociticon of the top cofthe valence band precisely The reascn is

AL RN Y -
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the overlapping of the phctcemissicon of the valence band and
the photo =2lectrons from the intrinsic surface states and
defect states which are dependent on the crystaltline
orientation. In order to overcome this difficulty, we can

measure the ensrgy of some gap states, Ei' (E; ana £y are

known and are constant) as the reference emerry; inctesad or
the measurement of the high energy thresho!d ( the position
2 Byy. tor GeAs, £5 is usually chosen as the 3d of Gal#ls
for 3i, no such kind of measurement has been reported, and 364
we chose 2p. The difference of Ga 3d and the top of the valence
band is 18.81+0.02 evl4], wWeused He I] (40.8 eV) and He |

(21.2 eV) as light scurces to measure the peak values of Ga

3d photo electrons and the second electrons of GaAs,

respectively. The energy tevel of 2p3/2 of Si is 98.74 eve-l
below the top of the valence band; the correspondent
photoemission spectrum was measured with the synchrotron
radiation at BESSY (Berlin) as light source (hvleB.é eV was

selected by a 5X-700 monochromater). The photo electrcns
measured in thisz method are mainly from the first several
atom layers under the surface and itz thickness is far less
than Debye length. The depth of measurement for Si is a
little larger in order to decrease the contributicn of the
most outside layer of the atoms because experiments have
(6,7]

already shown that Z2p energy level of Si at the most

outside lever has chemical displacement.

(s3]
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o 1. Experiment
\."~.
5? aAs samples are Te-dored n—-type s3ingle crvstalis (n .
EJ 6 X 1017 cm‘3), and Si samples are B-dored p-type szinale
ki, crystals (p o~ 2 X 1017 Cm—B). [n order to obtain different
198
L crystalline orientations, both type samples are
N
- cylindrically shaped with diameter of 23 mm, height of 10
35 mm., and with [110] as axis. The ztructure of sampl= holders
.:\
oy can be referred to [8]. The surface of Si was cleaned by
ét bombardment of Ar ions (lkeV) plus annealing (1050 - 1100
o
e . .
e K), that is IBA surface. The surface of GaAs was cleaned
xS with two methods: (a). IBA surface obtained by the
- bombardment of Ar ions plus annealing (~B00 K), (2).
RN
o melecular beam epitaxy methodl®] with single evaporation
;f furnace (loaded with GaAs) to prepare MBE surfaces on above
D

IBA surface.

e The experimental arrangement is a multifunction

- aelectreon spectrometer including a LEED system, a AES, and a
1@

!! UPS system with binccular cylinder analyzer, and an ion gun
xﬁ for sputtering disposal. All the measurements were carried
St . e _

s out in 1072 - 10719 torr ultra-high vacuum. The results of
W

~~ AES end LEED measurements show that both GaAs and S5i havea
f; clean and ordered surface. For the [BA surface of GaAs,

iﬁ (111) surface is (2X2) recenstructed; this agrees with [10].
!! (110 surface is (1X1) structure. The diffraction spots of
':\.
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crilr oang (0CT)Y surtaces are comparatively weak and ©h

11]

Lackygrownnd e brighter; these indicate that the

concentration of defects is comparatively high. For the MBE

surtaces of GaAs, the atomic structure of (!1l1) aend (110 is the

same as IBA surfaces, and (117) and (00T) cleariy show As-
rich (2»2) and C (2x8) reccnstructed, respectively. This

agrees with the result of literature [11] and [12]. For

iBA surftzces of %1, the LEED pattarns of Ciill znd 10y

(&

surtaces (they are same) have the typical (7X7)
reconstructicn structure, and (00T) is (2X!) reconstructed.
lhese results agree with most experimental results of other
people. But for (110) surface, althcugh the integer ard ncon-
nteger spots can be observed, we could not distinguish
whether it s a (4X%) rcom temperature phase or a (2X1) high
temper ature phase[l3]. The small plares which are neiahtors

of (110) also possibly exist.

4. Resul!ts and Discussion

Fig. 2 and Fig. 3 are the photoemicszion spectra ot MBE
surfaces of GaAs and the [BA surface of Si, respectively., [t
can be seen that the low-energy sides are all relatively
steep, and this indicates that it is easy to determine the
lew-enerqgy thresheold, which reflects the change of work

function., Because the photo electron peaks of 3d of GaAs and

o . e - ",
-,‘.‘L'.W. T ".L._GL

N.* -_,V'

'\n.u.
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Jpoob osioare goymmetric, o arder o measure the changes o
' Hhie e oosiions the post precise etference point Jo st Thee
maximum <! *the peak but the position of the haitr neijahl or
R the high =2nerqgy side. The retlative error of this measurement is
V)
e the same as the case of determining the low—energy thresho!d:
N For GaA:z, it iz estimated as =0.03 ev and ror i it i.
= st imated as =0 2V.
“".“ Them 8 ! a - - . .
L The JC, g and E}VS of several low-index Zrvetalline
. surtaces of LeA:s and 5, Jdetarmined with the above method,
N _ . ; . . 345
: listed in table 1. The values of & are not listed, but it
o] ~
.. can be determined easily by use of the sum of X and Eq' the
- .
:f} value of Eg 2t rcom temperature iz used: Eg(GaA5)=l.42 2V
and Eq(gg)zl,lg aV [14], The positions of the core levels

retative to the top ofthe valence band are not fully the same in the
Piteratures Yor example, the maximun deviation of the Li-Ip
is =several tenths of leV. Furthermore it is Qifficult to
obtain a precise value of the incident light from 5X-700

monochromator. When we determine the absolute values in

table 1., with reference to literature the following values

b Y

NUNS
L

R

were calibrated: for oi - (001)=-(2X1) surface, ¥ = 4.87 eV

.

_;; and EFVS = 0.46 ev[15], therefore & = 5.33 eV; tor GaAs-

po - 0y - surfac - [16]  TH i

o (110)-1BA =zurface, tFVS = 0.75 eV . i€ later correction

Cabt

L gss3umes that there are & great number of defect statez in

v

i3~ the (110, surtace of GoAs,(prepared with [BA method). These
o

defect states lead to Fermi energy being pinned. Such

A
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Res assumption s not very reasoneble 2na produces some errvors for
A ‘ L albzotube value Eo o oot the raelaktive relation witn S
5 T

~\~ . - - . .

S Srystalline orientaticn is s3till correct.

o .

N . ; . o -

; Difterent from the experimental res,ult.s'-‘-J ot metals.

!

[~ the electronic a2ffinities and work functions of GaAs in
- -
'X CUETY angd U111] are obvious!ly different. For example, i MBL

' surfaces, 3<(qu) is 0.42 eV greater tharxJ((;],\ and s equa!
»ﬁ: to the value in the close packed (110) plane, that iz X, ,,-

e = vsp1yy = 4.18 eV, These results indicate that in the

; surfaces of GaAs, the decisive factor for the chanaing
o
?E characteristic of X is not the smoothing effect of the
:{ surtface charges, but the polarity of crysta!linel3]. (IIT)

' plane a2and (11l1) plane are terminated by As 2toms (negatively
b~ - Sy s . . -
8- charged) and Ga atoms (positively charged), and this is the
::; cause which makes yallT) larger than (| ||,. Because the
;j surface composition of GaAs depends on the method of surface
}: preparation, (111), (001), and (001) surfaces of MBE method
;ﬁt are Az-rich and are different from the surfaces prepared with 366
g the I[BA method. The:X(IIT) and Xgg7) ©f MBE method are
T cbviously 'targer than the correspondent values of [BA
- surfaces ( see table 1) and this also indicates that for
;"' different crystalline surfaces, the changes of X and J are

) Lo . . .

) almost parallel, This indicates that the bending of the
0

2 ) '

R surface energy bends are baesically the same,

1D

.J
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Fig. 2 The pheotoenmiszion zpectra of GaAs -MBE surcaces, .,
the vicinity of the second electron and Ga 3d, with He |

and He [ 35 light source-=.

R D

Short vertical tines are the positions of the threshold
and the positions ¢of the high energy side of 5i 2p. The
abscissa and ordinate are the kinetic energy of photo

lectron

g
[}

EKIN and the relative intensity N(E),

respectively. The Zero DOint of EKIN i chosen as the low

energy threshold of (!11) surface.
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Fig. 3. The surface photoemission spectra including the

threshold of second =lectrons, measured with monochromatic

synchrotron radiation light source (108.6 eV).

Short vertical lines are the positions of the threshold

and the positions of half height of the high energy cside of

Si-Zp. The abscissa and ordinate are the kinetic energy of

photo electreons E . ang the relative intensity N(E)

respectively. The zero point of EK[N is chosemn as the low

energy threshold of (!111) surface.
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Tatxle |. Values of the electron affinities X arnd wirk
functions @ of GaAs and Si, ard surface Fermi energy t¢v<
H e

(unit is eaV).

X ¢ Frs
@ GaAs Si GaAs Si GaAs Si
IBA MBE IBA IBA MBE IBA IBA MHBE IBA—-
1t 3.69 3.76 1. 14 4.35 .45 1.59 0.76 .73 J.67
110 4.18 $.18 4.14 1.85 4.86 1.65 0.75 T4 1.51
i1 3.91 4.18 4.14 4.58 4.91 4.59 0.75 0.69 0.57
wl 3.7 4.12 4.21 4.45 4.82 4.87 0.69 .72 0.46
1238 !

* Resul!ts of measurement on (001) surface

I - Crystalline orientation

For non-polarized crystal Si, ><(lll)' 3<(110)' and

x(lli) are 2!'! equa! to 4.14 eV.S((OOT) is little larger and

15

equa!l to 4.2! eV. We also determined that 3%001) is equal to
4.23 eV. That is , the value of X in Si-[001l] directicen is
about 0.08ev higher than the values in [11!] and (110]
directions., This difference is smal!, but it is repeatable
for several measurements, and it is not erroran error of

measurement. Different from X, the values oF.O have

13
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. r=l3tively cbvious changes (see tabl= | ;T L should ke
=T
ﬁ%: attributed to the change of the surfaeo.we oo r=r- &l
SR
‘*{ : The experimental result that different crystalline
B AN
) .
‘%{ surfaces have almost the same X value indicates that the
.0
b{ smoothing effect of surface charges is neot important for Si.
[ X
gﬁ In metals, the distribution of the valence electrons in
At I
- Wigner-S2itz primative cells is uniform, but in cov3alent
W b
t: crystal=s, the valent electrons mostly distribute in the 367
A
KAy« . .
X ,,:“ direction of bonds. This js poss1b]y the reason
L]
!t the smoothing effect of the surface charges decreased
‘-.‘_
f;ﬁ cbvious!y.
o
SN The value of X in Si (001) is a little higher. This way
-,
g be related to the surface electric dipole which is produced
e
* by the atomic reconstruction. In the recent 20 years, people
& suggested many models to explain the (Z2x1) atomic
0
g reconstruction in Si (001) surface. The calculation of tota!
-ty
Ej energy indicates that the symmetric dimer mode! i3 the most
’{} stable one [17]. Usual!lly the reconstruction of atoms will
| )
AR cause the reimpurizaticon of valent electrons and then cause
'.n..
'jP the change of distribution of electrical! charges. In the
31: asymmetric dimer model of Si (00!)-(2X1), the two paired
. "
g - 0 . e
?ﬁ atoms in the surface layer move towards the inside by 0.08 A and
'-{':' °
- U0.53 A, respectively, and 0.35 -~ 0.45 e electrical charges
'}: have been moved to the top atoms from the bottom atomsl!71,
e As a result, an electric dipole is formed in the surface
!-"..; ’ )
20
b= 14
l )
3
[ .
‘e
o
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which increases the alectronic arfinity., Si (1LY~ 07X7)

LUl Fave was @lso studied intensivaely. But becauss the
reconstruction unit i< large, it increases the

complication of the problem. Therefore the result of
caluutation is not as mature as in the case of .(i00)—-(2X1).
fhe: overall opinion is that there is alsoc an electric charge
transfer which accompanies the moving up and down of atoms.
Chadi o=t 2] assumed that the charge transfered - zLboun 0,
6[18]. which is a little smaller than that in the case of
(00!1)-(2X1) recenstruction. Different reconstructed surfaces
have different surface electric dipole; this is possibly the
cause which l2ads to the smaller value of X. Furthermore,
surface tervaces will also produce an auxiliary electric dipole
and then change the electron affinities or icnization
energy[lg'zo]. Especially in the cases of the neighbor
crystal surfaces or high index crystalline surfaces, the

influence of the surface terraces wil! be important.

5. Conclusion

Compared with metals, the change of electron
affinities of GaAs and Si is relatively small. For GaAs,
the relative change between different crystal!line
orientaticns is about 10%. Considering the surface electric

dipole s due to the change of surface composition (Ga and
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o Si), the pehavicr of X can be explained. At leazt the
' {n - . N
‘SN . smoothing effect of surface charges, which . 3 Jdecicive
Ry

;: eftect for metal! surtaces, is5 not important for GoAs.

-
:>{ Different from GaAs, the lcew-index crystalline surfaces of
YK I
iﬁ) Si have approximately similar electron affinities and only
!:* increase a zmatl amount in (001) surfaces. This indicztes

that the smcothing effect of surface charges in Si surfuces

iz negtigil'le. The tiny change of 2{ may be related tu the

Eé surface atomic reconstruction or the electric diroutw

-

i%' produced by surface terraces. As for the bending of zurface
%; energy bands, they are gpproximately the same in the several

'éx crystalline planes of GaAs under study, but fcr S5i, there

L are relztively obvious changes.
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