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Comparative 'Studies of !ectron AFilitiee-

3iic Work 1-uflctin: 005 r ti aA-s and- 3

Xing Yirong

institute of Semiconductors, Chinese

Academy of Scienceti

W. Ranke

Fritz-Haber-Institute of Max-Plank-bociety

Abstract

~Ultra-violeLt Photoemission Spectra (UPS) invo!vinc, eco-r~j

eve! photoemission peaks (Ga 3d For GaAs and Si 2p For i

is m!easured for the (111, (1M0). (111), and (UGTI) surfaces

oDF GaAs and Si using the light from a Helium lamnp ('TI. H-

and 40. 8 eV) and fr or the BerlIi n synchrotron rad iat ion

souceBES3'Y (108.6 eV), respectively. These surfaces are

prepared by ion bombardment and anneal ing on cyl indrical !y

shaped GaAs and Si crystals with [110] as their axis. The

GjaAs cylinder is in addition prepared by molecular beam

upitaxy yielding As-rich phasies on (1lI1) and (0U0) The work

function-rand the electron affinity X are evaluated from

the low energy (secondary electron) threshold and the energy

P0 i iOrof the core l evelI pi-otoem i- ssion peak. It is 'Shown

t hat due to the crystal polarity and differences in surface

compositio.n, the electron affinity depends strongly on,



•Jmt or intt ion for CaAs. For i, the mi sing ulk ;ot' ,

' (-3 PC, r '_5 , -e For thle 3sfa I var iat ions oF 'C, wr.ic r,,

caused uy the differaent surface reconstructions. On GaAS.

the Variation of'9 and X are essentia! ly para! 1i :ndicat rg

no .trig band bending varigtions. On Si , however, the

relatively strong variations of sdicate trong variaticus

of the band bend ing.tn a

I". 1 ntroduct ion

The change of work function 0 of metals reflects the

electric dipole of jtoms in the surface layer. Both theory and

experiment have proved [I,"] that the value 0 is related tc

the crystalline orientation; it has the maximum value in the

closed-packed plane and decreases with the decreasing of

itomic density. For example, the As of tungsten in different

crystal planes can have a difference of about 20%[ 2 ]. This

phenomenon can be explained by the smoothing effect .)f

distribution of surface charge density i l l. Specifically, the

distribution of positive ions in the Wigner-Seitz primary

cell is uniform. In order to minimize the total energy, the

moveable electronic charges wi Il relax and produce the

surface electric dipole which decreases the work function

and is crystal ine orientation dependent.

For semiconductor crystal lines, it is the change of the

electron affinity Xof electrons that reflects the surface
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elect'-ic dipole. GaAs is partial ly-polarized compound The

n:rlinge jf .. i- mainlv tti I ut ed to tr.e Irsta! , o r

and surface composition, and the smoothing effect of surface,;

charges is not important[ 3 ] But for unpo!3rized covalent

semiconductor Si , how wi I I 'X change with the cryst'! I ine

orientation? Does the smoothing effect of surface charges

affect it? This paper willi answer these questions, and the

.inrei 'os i ions ot -errni energy of severa! !ow-inoe<

* surfaces of GaAs and Si will be given.

2 Principles of Measurement

The electronic affinity, work function, surface Fern!i

energy and other parameters are determined by photoemission

spectroscopy. The principle of this techn;que is shown in

Fig. I.

-V.
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ti~ pV-~cple f etermnining electron[-IC

affinity, work function, and other parameters with

* photoeni ssion spectroscopy.

V - Energy of incident photons. Ekin - Kinetic energy

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

electron spectrum, E L - Threshold of second electrons, EH-

High energy threshold, E vc- Vacuum energy !evel], E -

Energy of bottom of conduction bencl, Ev - energy of top of

valence band, E 9- Width of forbidden zone, EF - Permi

. 6energy, E -VS -Surface Fermi energy, (-Electronic

affinity, .0 -work function, ~-Ionization energy, qV5

Surface potential barrier.

1-Photoelectron; 2 - ecjond electron; 3 - t,=tes of

valence electrons; 4 -Core states; 5 -Sample; 6-

AnalIyzer.

4
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r he ,hange of igzh energy (electrcn k neti n

th l EH directly gives out the change of surfac,2

potent ial barrnier qVs that is:

A: E E H  = (q',"S) (I)

The threshold of low energy (second electron) of photo

electrons, E, directly reflects the change of work funcLion

0. that is:

AE AV = X + A(qV) (2)

If EL and EH are measured simultaneously, we can obtain

the relative change of electron affinity,4X, that is: A-x

. = EL -AEH = A( EL - EH (3)

From Fig. 1. we also can learn that if the energy of

the incident photons is known, X (or the ionization energ-)

and ) can be calculated using the total width W of

photoemis ion spectrum and qV . That is: X = hv - ' - Eg (or

" hv -- W) and L = - (rF - EV)b + qV. where (EF - EV)b is

the difference of the bulk Fermi energy EF and the energy of

the top of valence band. As soon is the values of l and 0

are knownr, the pinned position of surface Fermi energy can

be obtained. That is the difference of EF and Ev in the

surface: EFVS (EF - EV) = - J. The value of qV s can be

determined according to the known value of 0.

in the experiments, it i:3 diff-icult to measure the

position of the top ofthe valence band precisely.The reason is

5
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the over lappir'g of the photoemission of the valence band and

the Dt-:,jto e I ectror,': f!orim the intr insic sjrface s atI.: e .2r .j

defect :Dtates which are dependent on the crystal I ne

orientation. Ir order to overcome this difficulty, we can

measure the energy of some gap states, Ei, (*- '

known and are constant) as the reFerence energy, in te._:,d _;r

the measurement of the high energy threshold ( the position

Ev. .or GaAs, E is. usual l, chosen as the _I of Ga

For Si, no such kind of measurement has been reported, and 3

we chose 2p. The difference of Ga 3d and the top of the valence

band is 18.81+0.02 eV[ 4 ]. We used He 11 (40.8 eV) and He I

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

3d photo electrons and the second electrons of GaAs,

respectively. The energy level of 2p 3 / 2 of Si is 98.74 eVL']

below the top of the valence band; the correspondent

photoemission spectrum was measured with the synchrotron

radiation at BESSY (Berlin) as light source (hv=101.6 eV was

selected by a SX-700 monochromater). The photo electrons

measured in this method are mainly from the first several

N: atom layers under the surface and it- thickness is Far less

than Oebye length. The depth of measurement for Si is a

little larger in order to decrease the contribution of the

most outside layer of the atoms because experiments have

already shown [ 6 " 7 ] that 2p energy level of Si at tht most

I outside laver has chemical displacement.

.
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.- per iment

hiaAs samples are Te-doped n-type single crystals (n

6 X l117 cM-3), and Si samples are B-doped p-type sirncle

cryas':ls (p V x 1017 cm - 3 ). In order to obtain c;f*f<erenL

crysta3line orientations, both type samples are

L, yl indrial y shaped with diameter of 23 mm, height of 1 0

mm, and with [!lOJ as a:xis. The structure of sampl holders

can be referred to [8]. The surface of Si was cleaned by

bombardment of Ar ions (lkeV) plus annealing (1050 - 1100

K), that i's IBA surface. The surface of GaAs was cleaned

with two methods: (a). !BA surface obtained by the

bombardment of Ar ions plus annealing (-800 K), (2).

molecular beam epitaxy method[9] with single evaporation

Furnace (loaded with GaAs) to prepare MBE surfaces on above

IBA surface.

The experimental arrangement is a multifunction

electron spectrometer including a LEED system, a AES, and a

. UPS system with binocular cylinder analyzer, and an ion gun

For sputtering disposal. AlI the measurements were carried

out in 10-9 - 10-10 Torr ultra-high vacuum. The results of

AES and LEED measurements show that both GaAs and Si have a

clearn arid ordered surf-ace. For the IBA surface of GaA's,

". (I11) surface is (2X2) reconstructed; this agrees with [IC].

" =. (110' surface is (IXI) structure. The diffraction spots of

-S1
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. ,' : .rJ 'UC T  sur-3ces are 2ornc aratively weak and ...e

.. _ , r i t2 tr; these i nd i cate that the

concentratiorn of defects is comparatively high. For the MB

:5surfaces ,D! GaAs, the atomic structure of (1I1) and (!10) is the

,arne as [BA surf:ices, and (1!! ) and (JOoT) clearl y show As-

rich and C (2x8) reconstructed, respecti/ely. Thi

Sagrees with the result of literature [1] and [12]. For the

-A 'r=c. oF _i, t,-.e LEED pattern-sof ( i ! , nd •

surtacec (they are same) have the typical (7X7)

reconstruction structure, and (001) is (2XI) reconstructed.

-hese results agree with most experimental resu!ts off other

people. But for (110) surface, although the integer and non-

Integer spots can be observed, we could not distinguish

" -,huther it i s a (4X5) room temperature phase or a (2X Il high

temperature phasel 13 ] . The small planes which are neighbors

*of (110) also possibly exist.

4. Resu!ts and Discussion

Fig. 2:!nd Fig. 3 are the photoemission spectra ot MBE

surfaces of GaAs and the IBA surface of Si, respectively. It

can be seen that the low-energy sides are a! 1 relatively

,steep, and this indicates that it is easy to determine the

!ew-energy thres=hold, which reflects the chare of work

function. Because the photo electron peaks of 3d of GaA-s and

8
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'+. --.-J Of T-i +. r- ,--a yfrmt r, i c !ii '_ iL- t o rr ,le_lsure t h-e c.: i , ' :, ,3 +-

-: +r I ;:- t - e -)I-. preC Ce , -  , l-

maximum the Weak bUL t th e p osi tc o of th-e r-! t ! eih-I )r

the .hig energy side. The relati,/e error off this mea-.urerne.7,t is

- the same as the case of determining the low-energ., threslold

For GaA 3, it is c' , , ted as =U.03 o v d 7or

"j >t imated as '0. 0 I5 eV.

The (, ,!rid EL ,S of severaI low-n- idex -r t,3 I ie

-surfaces AF 3 and 5 ,i* -de,-m ned wid , the above method, are

isted in table 1. -he values of 3 are not I isted, but it

can be jetermined easily by use of the sum of X and E the

value of Eg at room temperature is used: Eg(c.,aAs)= . A.2 eV

and E.(Si)=l.i2 eV [14] The positions of tre core lev-l-_c

re!ative to the top ofthe valence band are not fully the same inthe

!it-rat~jrc; fcr exam.ple, thqe naximun deviation of the Si-ip

is several tenths oF 1eV. Furthermore it is difficult to

- obtain a precise value of the incident light from SX-700

' monochromator. When we determine the absolute values in

table I., with reference to literature the fol !owing va!ues

i were ,al ibr-tedt: for i - (001)-(2X) surface, = 4.87 eV

and E 0.46 eVL' 5], therefore r = 5.33 eV; tor GaAs-"FVS

(110)-IBA surface, EFVS = 0.75 eV [ 1 6 ] . The later correction

.. z-sumes thnct th-re are a great number of defect states in

,thit I U, rf-rue (f (jAs,( prepd-ed with IBA metod). lle

defect st:ites lead to Fermi energy being pinned. Such

9
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as-3umpt ion i s not ,err reasoneb I e Enc produces some errors for

crysta! I ne orientation is stI correct.

Uifterent from the experimental resulLEL-[2 of- rntals.

the electronic affinities and work functions uf GaAs in

HLI!] 1id [Lil are obviously different . For example, n M1BL

urfaces, X is 0 .42 eV greater than X ind(1! . " 1I( ! nd '  elua'

to the '.lue in the close packed (10) plane, that i X,,

'( IU) = 4.!8 eV. These results indicate that in the

surfaces of GaAs, the decisive factor for the changing

characteristic of y is not the smoothing effect of the

surface charges, but the polarity of crysta!lineL 3 ]. (lIT)

plane and (111) plane are terminated by As atoms (negatively

charged) and Ga atoms (positively charged), and this is the

cause which makes X(! ) larger than .(l ) Because the

surface composition of GaAs depends on the method of surface

preparation, (11!T ), (001), and (001) surfaces of MBE method

are As-rich and are different from the surfaces prepared with 3b&

the IBA method. The X(IiT) and-X(0oT) of MBE method are

obviously larger than the correspondent values of !BA

surfaces ( see table 1) and this also indicates that for

different crystalline surfaces, the changes of-C and 6 are

almost parallel, This indicates that the bendincl of the

surf.3ce energy banda are bdsi,-a! l y the same.

",,
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-.I, GaAs

Ga3d

(00). 1

-- (111) . ,

a'.'.," .. (110) -. ":.

v ..- •.....(ii *%'

EKIN(eV)

-i 2Ve Itoe! 9 is 1un -:Fpe ctr -a ct Ga A M 'E C sr -~cz

the vicinity of the second elect7Dn and Ga 3d, with He I

and He ! :3s I ight -sourcesZ.

>huL veiri calI ines are the posi t ions of the thr esholId

and the positions of the high energy side of Si 2p. The

abscissa arnd ordinate are the kinetic energy of photo

.~Ictrns KIN and the relative intensity N(E),

respectively. The zero point of EVNichenateloKI -"s 

a t 
l

e r'.g Thesholo f (111) su fc .-
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* .. °,-(1,D,,-

*0 
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synchrotron radiation 1light source (108.6 eV).

* . ' ,

':-' 5hort vertical lines are the positions of tthe threshold

• . .and the positions of half height of the high energy side of:

I Si-2p. The abscissa and ordinate are the kinetic energy of

'. photo eleutrons E-tKIN and the relative intensity N(E)

respectively. The zero point of E K I N is chosen as the low
energy threshold of (ecn l) surface.

m

sycrtrnrdito igtsure(086e)

., .' '...'" .. ''...''... +. sh.,'''.,t" vertical I. ", nes.,' are',.,"-'-' the; positions." of . the".- threshold':•- ,".. "-". .- "
r C °*L 'and the pos itions- of half height of. the." hiheeg side' of. . . .. -



Y4

>'.

TaLle 1. Values of the eletron ,affinit~es r, wcrk

functloi, / of GdAs and Si, an'. surface Fermi energy L

(unit is eV).

x (
GaAs Si GaAs Si GaAs

IBA MBE IBA IBA MBE IBA IBA MHE 1BA

111 3.69 3.76 4.14 4.35 4.45 4.59 0.76 U.7 Oj.r.

". 11 4.18 4.18 4.14 4.85 4.86 4.65 0.75 0.74 3.61

'T 3 .91 4.18 4.14 4.58 4.91 4.59 0.75 0.69 0.
A o. 3.72 4.12 4.21 4.45 4.82 4.87 0.69 0.72 0.46

4.23*

* Resu!ts oF measurement on (001) surface

I - Crystalline orientation

For non-polarized crystal Si, YX(111), -X(I0 ), and

X" lI) are a!! equa! to 4.14 eV, X((O0) is little larger and

,'p. equal to 4.21 eV. We also determined that X( is equal to-' "(001)

4.23 eV. That is , the value of X in Si-[001] direction is

about 0.08ev higher than the values in [11,!] and C110]

directions. This difference is smal!, but it is repeatableIfor several measurements, and it is not erroran error of

measurement. Different from X, the values of 0 have

13



re!-atily elY Dvious charges (see tabl ; - cho-l- e

,titributed to the change of the surf,_, . -

The experimental result that different crystal ine

surfaces have almost the same X value indicates that the

smoothing effect of surface charges is not important for '-i.

In metals, the distribution of the valence electrons in

Wigner-Seitz prirnative cells is uniform, but in cov_'lent

crystal.-, the valent electrons mostly distribute i, ':, 6

g j direction of bonds. This is possibly the reason

the smoothing effect of the surface charges decreased

obv ious I y.

The value of X in Si (001) is a little higher. This way

be related to the surface electric dipole which is produced

by the atomic reconstruction. In the recent 20 years, people

suggested many models to explain the (2xl) atomic

reconstruction in Si (001) surface. The calculation w:' total

energy indicates that the symmetric dimer mode' is the most

stable one [ 7 Usual!y the reconstruction of atoms will

cause the reimpurization of valent electrons and then cause

the change of distribution of electrical charges. In the

asymmetric dimer model of Si (00I)-(2XI), the two paired

atoms in the surface layer move towards the inside by 0.08 A and

0.53 A, respectively, and 0.35 - 0.45 e electrical charges

have been moved to the top atoms from the bottom atoms[! 7 ].

As a result, an electric dipole is formed in the surface

14



i-, ich ncre2ases the e ectroni; affinit*y. Si I)-' 7 )<7

._-....iur r ;_ .js a I _ Aud U lntensi,., y. ,t becau> . the

reccDnitruction unit is large, it increases the

compl ication of the problem. Therefore the result of

14,' alt-ul-ition is not as mature as in the case o -(100)-(2K!).

rr-e overall op in ion is that there is also an electric charge

tran-fer which accompanies the moving up and down of atoms.

- t ! surnd thlt the charge t;ansfered ...

which is a little smaller than that in the case of

(00! )-(2X! ) reconstruction. Different reconstructed surfaces

Iave different surface electric dipole; this is possibly the

cause which leads to the smal ler value of .. Furthermore,

surface terraces will also produce an auxiliary electric dipole

and then change the electron affinities or ionization

energy[ 19 '2 0 1 . Especially in the cases of the neighbor

crystal surfaces or high index crysta!l 1 ine surfaces, the

influenLe 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 crysta~line

or i entat ions is about 107.. (.onsidering the surface electric

dipole is due to the change of surface composition (Ga and

15
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Sithe behav ior of X can be explIa ined. AtI le a-t the

smooth-inrg eFfect .Dfs.r~c charcjes , whi ch i -_ 3 de ,e~

teftect '-or- Metal s-urf.3ces, is not important for

Different from GaAs, the luw-index crystalIMne surfaces of

Si h-ave approximately similar electron afFinities and onily

i ncrease a sina! amount i n (0061) surfaces. Th is inu i c -t-es

that the smoi~:.oth ing effect of suriace charges i n Sisu 5Uf~jct

i = neg! i ;gi 1, 1e. The tinry change 017 1 may be rel2ated to the

. urtace atomnic, rocon-struction or the electricdpo

produced by surface terraces. As For the bending of surfazce

energy bands, they are approximately, the same in the several

cry,,tal I I me p! anes of GaAs under stud%, but f-cr i, t here

are relatively obvious changes.
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