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Abstract 

Synchrotron radiation excited angle-resolved photoelectron spectra 

of the Ge (001) 2xl reconstructed surface reveal two surface states 0.6 

and 1.3 eV below t.'1e bulk valence band maximum at the gamma I;X>int of 

the surface Brillouin Zone. These two states are similar to those 

observed previously for Si (001) and GaAs (001) surfaces. The 

disp:rsion of the Ge bands \<.:ith kq is qualitatively in agreernent v;ith 

the calculations of Chadi using his as}~tric dimer model for Si (001) 

2xl. 

This manuscript was printed from originals provided by the authors. 
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The 2x1 reconstructions of Ge ( 001) and Si < 001) have been studied 

for years. The various structural node1s that have been pro:t=ased for 

these surfaces have been sumrrarized by Chadi [11 • Recently, Jona and 

coworkers £2-41 compared LEED current-voltage plots calculated for ITany 

of these rrodels to experimental data. They have sho\<m that although 

none of these models are completely satisfactory, the best agreement is 

obtained using asymrretric dirrer roodels similar to those determined by 

Chadi [1,51 for Si COOl) using his energy minimization technique. In 

this paper, surface states observed by angle-resolved photoelectron 

spectroscopy <ARPES) studies of a Ge COOl) 2xl surface are shown to be 

in qualitative agreement with a band structure calculated by Chadi 

[1,51 for the a.symretr ic dimer model of Si (001) 2xl. There are also 

remarkable similarities in the ARPES spectra of Ge (001) 2xl from this 

v.;ork,. Si ( 001) 2xl from Hirr;psel and East:rnan [6] , and GaAs (001) 4x2 

Ga-stabi1ized surfaces frcm Larsen, et. al. [7] that suggest all three 

surfaces have similar geometries. 

The Ge sample used in this study was prepared from a surface 

oriented to within 0.5 degrees of a (001) plane using Laue x-ray 

backscattering and polished using a gonicmeter similar to that 

described by ~·lendelken (8]. After using an Al2o3 :t=alishing compound 

with 0.05 micron grit size and chemo-~echanically polishing with a 5% 

bromine in rnethanol solution, the sarrple was rrounted in the vacul.ml 

chaiP.ber in \·;hich the base pressure was 3 x lo-10 torr. Studies 

previous to the u7S rr~asur~ents showed that standard Argon ion 

bombardment and annealling (900 K) produced a strong 2x1 LEED pattern 
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with two };:erpendicular ooma.ins of equal irttensity, while Auger sr:ectra 

collected using the LEED apparatus in retardi.rlg field mode showed only 

a snall residual carbcn contamination on the sarrple. LEED and Auger 

measurements were not available during the actual UPS experirrent. 

The photoelectrons were collected using a 180 degree hemispherical 

analyzer with an acceptance cone half-~gle of three degrees [9]. The 

photon source for the photcemission experiments was the eight degree 

port of Beam Line I at the Stanford Synchrotron Radiation Laboratory, 

which yielded useful photon fluxes beb1een 9 and 29 . ev. The total 

analyzer plus rronochromator resolution was less than 0.2 ev. The 

e~ri.rrental UPS sp:ctra shown in FIGS. 1 and 2 were taken with a 

sample temr:erature of 170 K to minimize the therrr.al scattering 

contribution to i~direct (~henan assisted) transitions in the s~ctra 

[10]. The differe~ces bebleen these Sfectra and those collected at 

room temperature were ~inir.al. 

Several normal emission spectra are presented in FIG 1. The 

valence band rraxir..um (\t""Br·D position v1as taken to be 7.69 eV above the 

second 10\·lest L6 v-alence band (\\'hich proC.uced a prominent, 

dispersicnless feature in several of the ARPES spectra) as determined 

theoretically by Chelil<ci,'sky and Cohen [llJ. These calculations agree 

extrerr£ly well \vith the bulk features observed in AP~ES sr:ectra [121 

and therefore were consicered to be an excellent reference for 

determining tJ-,e VE·l t:esi tion. T\~·o st:ectra are shov.rn for each photon 

energy; one for the clean Ge ( 001) 2xl surface (solid line) and one 
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for the Ge sample after an 80 Langmuir exposure to oxygen. Each tair 

of spectra, at a given F{loton energy, ·have been normalized to the 

largest bulk feature. The attenuation in the low binding energy peaks 

that occurs upon oxygen exposure indicates that they may arise from 

surface states. Since the 010 features at Oe6 and 1.3 eV neither show 

any dispersion with photon energy for normal F{lotoemission nor 

correspond to any flat band regions in the three dimensional band 

structure [11] of Ge, their identity as surface states is confirmed. 

Low binding energy surface states on Ge (001) have been observed 

previously by Rowe in angle-integrated photoelectron spectra [131. 

Similarly, o;o low binding energy surface states have been observed in 

normal emission ARPES spectra of Si (001) 2xl at 13 ev photon energy by 

Himpsel and Eastman [61 and also several different GaAs (001) surfaces 

prepared using molecular beam epitaxy by Larsen et. a1. [7]. In fact, 

no~zl emission spectra from the Si (001) 2xl and the Ga-stabilized 

GaAs (001) surfaces can be found which are nearly identical to Ge (001) 

spectra. 

The photon energy dependence of the surface states in FIG. 1 is 

especially interesting. At the lowest photon energies, the 0.6 ev peak 

is the more intense surface feature, but at higher photon energies the 

1.3 eV :reak is rrcre intense. This behavior is similar to that observed 

in atomic photoemission from states with different angular momentum 

quantum numbers (1) [141. For exa.iT.ple, at lovl photon energies, p 

states have a higher photoemission cross section than s states,but the 
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p cross section decreases with increasing photon energy much faster 

than that for s states. Thus, the r:hoton energy dep:ndence of the 

surface states at gamma indicates that they have different symmetry 

prop:rties, with the 0.6 eV p:ak having a higher 1 character than the 

1.3 ev p:ak. Also, neither surface state is in a band gap of the Ge 

bulk band structure, so that they rrust be of different syrraretry types 

than the Ge valence bands. 

Varying the photoemission angle with respect to the surface allows 

the cornp:ment of the wavevector p3.rallel to the surface <k 11 ) to be 

changed. In this fashion, the surface state E(k 11 ) disFersion relc.tion 

can be rr.apped. Several off-normal .?..RPES sp:ctra \'lere cOllected, sane 

of which are shovm in FIG. 2. These spectra clearly show that the 

surface states disrerse with k, 1, but since there are 2xl domains on the 

surface oriented perpendicular to one another, rotating in the plane 

which contains the [0011 and [1101 axes changes k11 sirultaneously in two 

perpendicular directions (from garrrrra to J and from garna to J 1 in the 

surface Brillouin Zone shovm in FIG 3). Thus, it v1as not :t:essible to 

assign an unarrbiguous experirr~ntal surface band structure from this 

data alone. HL<psel and Eastman [6] circumvented this problem by 

rotating their Si (001) 2xl crystal in the plane containing the [0011 

and [010] axes, for which the tv;o r:ossible r:aths in the b·lo dirr~nsional 

Brillouin Zone are equivalent. No calculations of a surface band 

structure exist along this line, although it does include three r:oints 

in comrron with Chadi 1 s calct.Uation [1 ,5]. 
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The experimental data for E Ck 11> have been plotted in FIG. 3 with 

the garnrra to J and ganrna to J' directions in reciprocal space 

superimposed. The observed dispersion is consistant with the band 

structure calculated for the as}~tric dimer model [1,5]. H~vever, it 

is also consistant with the surface band structure of SiCOOl) 2xl 

determined by Hirnpsel and Eastman [6], which shows two surface states 

at J' instead of one. Further experimental results are required to 

elucidate this p:>int, but at present it is not certain that a unique 

experimental band structure can be obtained along J'-gamma-J of the 

surface Brillouin Zone for the 2xl reconstructed surfaces. One 

interesting r-oint to note here is that the tic;ht-bir.ding FQ.rarreters for 

Si used by Chadi in the surface band structure calculation actually 

yielded a Ge-like bulk band structure, with the lowest conduction band 

appearing at L rather than X for Si (151. Thus, one might eXJ;ect the 

calculations of references 1 and 5 to be roore relevant to Ge than Si. 

For the GaAs study ( 71 , the photoelectron analyzer acceptance angle was 

large compared to the dimensions of the ~-o dirr,ensional Brillouin zone 

of the 4x2 reconstructed surface, so that the authors were not able to 

rrap the dispersion of the surface bands with k11• 

In conclusion, ARPES spectra collected from a Ge (001) 2xl surface 

have sho~n the existance of t~o low binding energy surface states. For 

normal emission st=ectra, the b-;o Ge surface states are very similar in 

appearance to those observed on Si (001) and GaAs (001) surfaces. This 

observation L~plies that the gecr..etry of all three surfaces is sirr~lar. 

z.:oreover, the k11 dis-;;:ersion of the Ge surface states is consistant with 
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the two dimensional band structure calculated by Chadi for his 

a..syymretric dimer rrooel of Si (001) 2Y~. Thus, this rrodel may be 

reasonably close to the actual structure of the Si, Ge, and GaAs (001> 

surfaces. 
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FIG. 1 

FIG. 2 

FIG. 3 
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Figure Captions 

ARPES spectra of clean Ge (001) 2xl (solid line) and Ge(001) 

after a 80 Langmuir exposure to oxygen (dashed line) taken 

at normal emission. The two vertical dashed lines shmv 

the positions of the surface states. 

ARPES spectra of Ge (001) 2xl taken at various angles (9) 

for off-norrral photoemission. The dispersion of the- lo\v 

binding energy surface states v1ith k,, can be clearly seen. 

Experimental surface band structure of Ge (001) 2xl which 

shows qualitative agre~~ent with an as~TtTietric dimer rrodel 

band structure calculation of Si (001) 2xl [1,5]. The two 

perpendicular domains are shown at the top of the figure. 

c 



PAGE 11 

I 
I 
I 
I hv I 
I 
I ,u, 
I 

' I I 
....._~I _J 

l'~ 27 - I I Cl) 
+- I I ·-c: I I :l I I ..d I I ~ 

I I c 
I I .._, 

' I 
>- I 
I--(f) 

26 z 
w 
I- I z I 

I 
z I 

I "' 

0 
a:: "" _, ..... 

'---._ I I- I I u I I w I ..J I I 14 LLJ 

~ I 
I 

0 
I 

I ::r: 
[ll&~y /- I a.. \ I I 

' ..... _ _,.+,1'"\ 
._ I I .. e I I I ) 

I I I 
I I I 

··~ I I I 12 I I 
I I 

-10 -8 -6 -4 0= EvaM 
ENERGY/eV 



> 
Q,) 

~ 
(\J .. 
~ 
~ 

> 
Q,) 

~ 
.. 
~ 
~ 

= 0 
£ 

0 
0 

PAGE 12 

0 
I{) 

(S~!un ·q.JO) )...liSN3.lNI NO~:LL::>3l30.l0Hd 

:E 
CD 
> w 

' :..· 



... 

~~· +-! -"-t-H++ .l +-=-! ... ·• • . l =cc+Ll-- _;_-~-:--·-:~~-~-:-·-~-~:-!--:----:-··-:---:-----_-·-_·:-·-:-·--:·-:---:-_-: .. -:-__ _ 

:·P:AGE l3 

j 
---~---_:..:_: -1 

I... . . ___ : ___ ~_:.__~ ___ : ____ .:_ _____ ..:__~-~--=--~-------;_ ___ ..: ___ : _____ :___ -------- -------·--------------·-· . ------------- ---------r-:----- ·--:-~-.--;-··--- : • : 
i; 
~----~----- --- _________ . ___ -----: -- -----·---1--------------

H~ ~-::b~:~~ ;~~- ~ :-~:r:~ :c-:-~~ ;-:--·:·7-7·~+-:c-:~-J-:-:: ---r-- : -: ,;---- :--~-~- :~: :~ ~-~-~i :-·:-: =~:-:-;~-~ :::-:-t~;~-+~~-:~=~~;:-:~~~'~:~-:::~~~ ~~ 
--~ ---~.:.:-:! 

-----.-. -.-.-. -·-.. --_-___ .:_:.-:~~--~-~~l 

;--:~~-:.:~~ ·. ==-=-:--: ~ ~-~-.:-:~~~~~:-- ·-:-~·-.-:-:-· --:-··-- ----- ::-:-·1-- --·----:--. ------------------:-::::-..:::-.-::-:----_-_-_ :---.:--·-
t-=~-=-:..=:.:t===-:~-=-:;.:~:-··--~::-:-·t.:~-::--:~ . .-: .. :: :.: ,:_:i:·:;. ----

t.~.~_:>~t~~:~~:~~;+:·;;:;:_::: __ ~:~: ·1.::· :~~( ·;:· ·; :~ ;-~- _j~-1.~ ~~~- : : :f~< .: • 
-- - . j -· ~- • 

.. !. --. --------

!. 
! 

,. . ;__ __ .;--- . ' ,,, . o I' :-· ·r--:_-~-:~~ ~t--r--. -]-' -_-: ___ ! ______ _:· ________ -___ ·_..:. _____ :. _:; 
:_:_:_;_..;_..;__i----:-:--:--:=-:--c-:'-:--:---:- . . .. .. . .. --- F -,_._ -; .... t • -1 ... .: 

I -:~: . .,.---..._,:_::~ _ _j:~-·-· _L~~--·_:_.~ ___ ::_._~~:~~~i 
! - . ~ . . : !_ . - -. .:.• ~~·-· ·_·.;_; ..:·.:..· ;,.;·_: . .:.. . .:..: .....:.....;_,..-;..., _..;___;_:..;_..;_,..--.---:----:::-:--:--:--c-:--:--:-:-:-:--

, 'T --j 
.. __ . ~~---·_·_· _ .. ___ :_·_,;_ __ -;, 

·t ;.. .; 

-~-~:.~-j-~---:-.-· _:_r--:-.-.. -. ~~---:--:-~---:---. -. --:--~:..:__::.:~:----:~-:~ 
... : ..• ··t .. -;- - ..... ·-· ·:-.··· -··-· t 

--~~~~.:...·~---_·_:_:;_~_c::~ __ : __ T~- .:-:-:i 
. _j_~___.J 



\ 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



~-.......,. 

TECHNICAL INFORMATION DEPARTMENT 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

. ...- .......... _ 

~I • .. 0 

... 


