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Surface electronic structure of clean and hydrogen-chemisorbed 3be,_, alloy surfaces
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The surface electronic states of clean and hydrogen-terminatée,Si, surfaces were studied with angle-
resolved ultraviolet photoelectron spectroscdpRUPS. A series of strained and relaxed,Se, _, alloys
were grown on $1L00 wafers using electron-beam evaporation in an ultrahigh-vacuum molecular-beam-
epitaxy chamber. The growth was followed oy situ hydrogen-plasma exposure to obtain H-terminated
surfaces. After alloy film growth, a double domaiix 2 reconstruction was observed for the series of clean
Si,Ge, _ alloys. A diffuse double domain>21 reconstructed surface was obtained after the H-plasma expo-
sure, which implies that the @e)-H monohydride domains are smaller than the surface terraces. The diffuse
peaks were attributed to disorder and incoherence in the H termination rather than a change of the terrace
structure. He (21.21 eV} and Nel (16.85 eV resonance lines were employed to identify the surface states or
resonances and bulk states of all samples described in this paper. ARUPS spectra of the series of clean and
H-terminated SiGe, _, alloys were obtained as a function of emission angle alond@h€] direction. From
measurements of the series of cleanG# _, alloy surfaces the surface states or resonances due to the
dangling bond and the back bond were identified and found to disperse downwardl fimdy, . A nondis-
persive hydrogen-induced surface state or resonance was observed from the series of H-termiBeted Si
alloy surfaces. The electron affinities of the series of clean and H-terming®d, Sj, alloy surfaces were also
measured using ARUPS. The electron affinity of thé1l80 surface was found to be 3.83 eV and those of
strained and relaxed e, _, (100 surfaces ranged from 3.87 to 4.05 eV. The electron affinity of clean and
H-terminated surfaces exhibited the same val{86163-18206)06244-3

INTRODUCTION alloy semiconductors, film thicknesses much greater than the
critical thickness may be required before significant relax-
Several theoretical and experimental studies have beeation occurs since the onset of relaxation is gradti@here-
performed to investigate the clean and H-chemisorbedore, for heteroepitaxial growth of the &e,_, alloys, the
Si(100 and Gé&100) surfaces® Johansson, Uhrberg, and layers are first pseudomorphically strained and then with in-
Hanssof’ performed angle-resolved ultraviolet photoelec-creased thickness become partially relaxed and completely
tron spectroscopfARUPS experiments on the electronic relaxed as the film thickness increases far beyond the critical
structure of clean $1002x1 surfaces and hydrogen- thickness. In general, the band gap of theG®j_, alloys
chemisorbed $1002x1 surfaces. They observed two decreases with increasing Ge content and, due to the pres-
hydrogen-induced surface states or resonankks,) on  ence of strain in the e, _, alloys, the strained Jbe, _
the S{1002x%1:H surface and a surface state, which is re-alloy produces a further reduction in the band gap than the
lated to the dimer bond, on both the clean and the hydrogen:nstrained SiGe, _, alloy.?*
terminated Si1002x 1 surfaces. Landemardt al!! studied The electronic structure of semiconductor surfaces and
the surface electronic structure of (8802x1 along the interfaces plays a crucial role in the performance of semicon-
[010] direction with ARUPS and a later stutfyexplored the  ductor devices since the electron transport properties across
[011] direction and the monohydride surface. The studits or along the interfaces within a device structure are directly
compared the experimentally observed surface structurdiked to the electronic structure at the interface. In this
with calculated surface states and resonances attributed to teudy, the electronic structures of clean Si, straing®&i_,
dangling-bond state and back-bond resonances. However, &loy surfaces (x=0.40, 0.60, and 0.80 and relaxed
our knowledge, there have been no reports of the surfacBi,Ge,_, alloy surfaces(x=0, 0.20, 0.40, and 0.60were
electronic states of clean and H-terminateqG®j _, sur-  examined using ARUPS with Heand Nel resonance lines.
faces despite the fact that,&ie;, _, alloys have significant By comparing the spectra obtained with two different photon
application potential for electronic devicEs!® energies(21.21 and 16.85 e\ surface states or resonances
Silicon and germanium both form in the diamond crystalcould be distinguished from bulk states. This is because the
structure. The materials are completely miscible over the enmeasured dispersion of surface states or resonances is, in
tire compositional range and give rise to alloys also with thegeneral, independent of the incident photon energy, while
diamond crystal structure. Due to the lattice mismatchbulk-state energies may change for different excitation
(4.179% between silicon and germanium, the epitaxy ofenergie$? A dispersion curves;(k,) was obtained for every
Si,Ge,_, on Si results either in a strainddseudomorphic  sample described here. Surface reconstruction and chemistry
layer, if the layers are sufficiently thin, or in an unstrainedwere confirmed byin situ low-energy electron diffraction
layer that has been relaxed by the formation of misfit dislo{LEED) and Auger electron spectroscofpES), respec-
cations. Fioryet al. suggested that in the case ofGg,_,  tively. The aim of this set of experiments is to examine the
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surface band structures of the clean and H-terminated [011]
Si,Ge, _, alloys. Also investigated is the electron affinity of [010]
strained and relaxed &e, _, alloy surfaces as well as clean i R ,/

and H-terminated $Ge,_, alloy surfaces. | 1, |

[011]

|

{
EXPERIMENTAL PROCEDURES r-F-F-

|

1

|

The SjGe, _, thin-film growth, H-plasma exposure, and
the surface measurements were all made in ultrahigh vacuum
(UHV) without exposure to ambient using an integrated
(UHV) system. The system includes molecular-beam epitaxy — — — — domainb
(MBE), ARUPS, LEED, AES, H-plasma, and loadlock
chambers all linked by an UHV transfer line. The system is
described in more detail elsewhéere

The substrates used in this experiment were 25-mm-dia
phosphorous-doped-type S{100) wafers with a resistivity
of 0.8-1.2Q) cm and a thickness of 0.25-0.30 mm. Thetent=40%), the ultraviolet photoelectron spectroscdpjPS
wafers were cleaned by exposure to uv ozone for 5 min talid not show features due to hydrogen bonding for 400 °C
remove hydrocarbon contaminants, a HF-based spin etdH-plasma exposures. This was also confirmed by previous
(HF:H,O:ethano1:1:10 to remove the native oxide, and studies of the surface electronic states of H-terminated
followed by anin situ heat cleaning to 850 °C for 10 min in Ge&(100) surfaces produced by a H-plasffa.
the UHV MBE chamber to eliminate the residual contamina- ARUPS was then employed to investigate the electronic
tion. The wafers were mounted with tantalum wire on a mo-structures of the clean and H-terminatedGas, _, alloy sur-
lybdenum sample holder. A 200-A homoepitaxial siliconfaces. The base pressure of the ARUPS chamber was less
buffer layer was deposited on the atomically cleatl@) than 2<10° Torr with an operating pressure less than
substrate to ensure a contamination-free interface. A series 4<10~° Torr. The ARUPS spectra were obtained with a dif-
Si,Ge, _, alloys were epitaxially grown on the silicon buffer ferentially pumped HgNe) discharge lamp delivering the
layers using electron-beam evaporation in the UHV MBEHe 1 (Ne 1) radiation, which has a primary energy of 21.21
chamber. The base pressure of the MBE chamber was leg¥ (16.85 e\j. The uv light is incident on the sample at
than 1<10 2 Torr. After the initial annealing to clean the ~45° from the surface normal in the analyzer rotation plane
surface, the substrate temperature was held at 550 °C durirapnd at~15° from the surface in the perpendicular plane to
all depositions. The parameters of samples used in this exthe analyzer rotation plane. The photoemitted electrons were
periment were 300 A for pure Si and pure Ge and 200, 120analyzed with a 50-mm mean radius hemispherical analyzer
and 40 A for strained §iGe,, SihG& 4 and SiGes  (VSW HA 50) with an energy resolution of 0.25 eV and an
alloys, respectively. The thicknesses of the straing@&i_, ~ angular resolution of 2°. The analyzer is mounted on a two-
alloys are less than the critical thickness to ensure a unistage goniometer, which allows angle-dependent measure-
formly strained SiGe,_, epilayer®® To produce relaxed mentand can be rotated in the horizontal plane perpendicular
Sip G& 4 SihC& s and Sj,Ge g samples, 8000 A, 5000 to the surface of the sample.

A, and 3000 A were deposited, respectively. These thick- The most frequently observed reconstruction of a clean
nesses are far above the respective critical thicknésggse  Si(100) or Gg100) surface is the double domairka recon-
layer compositions of the deposited,Se, _, alloys were struction with the two domains at 90° to each other. These
determined by Rutherfold backscatteriigBS) and x-ray two different domains are located on terraces separated by
absorption fine-structuréXAFS) analysis of similarly pre- single atomic layer ste.The surface Brillouin zones of
pared SjGe,_, alloy films?® The maximum difference be- the two domains are shown in Fig. 1 for th& 2 reconstruc-
tween calculated composition and composition measured byon. All ARUPS experiments presented here were per-
RBS was found to be 2%, which is within the error of both formed at various emission anglés, along thg010] crystal

the XAFS and RBS measuremefts. direction, since along this direction, the surface Brillouin

To obtain H-terminated surfaces, the samples were transones of the two domains are equivalent according to the
ferred to the remote plasma chamber. The samples were porystal symmetry. All ARUPS spectra of clean surfaces were
sitioned 40 cm downstream relative to the center of theobtained at emission angles ranging from surface normal to
plasma tube, and the H-plasma was generated by exciting tf85° in 5° increments, and the emission angles of the
hydrogen gas through a quartz tube with rf radiati@8.56  H-terminated samples ranged from surface normal to 40°.
MHz). The base pressure in the H-plasma chamber was le§sach spectrum was acquired using a 0.005-eV step size and
than 2x10°° Torr. The samples were exposed to thean integration time of-1 sec at each energy. To improve the
H-plasma under the following conditions: processsignal-to-noise ratio, each sample was scanned five times and
pressure=15 mTorr; rf power, 20 W; flow rate of Hgas, 80 the five spectra were summed. After summing, the spectra
SCCM where SCCM denotes cubic centimeter per minute atvere subjected to a five-point smoothening to further distin-
STP; and exposure time 1 min. To obtain xR recon- guish the data from the random noise. The peak position was
structed surface the sample temperature was held at 400 “determined with an error 0£0.03 eV. The position of the
for pure Si and strained §iGe, ,, while 180 °C was used for Fermi level was determined by measuring either a spectrum
the other samples. For higher Ge composition fil@e con-  of a thick metal layer on the semiconductor or a spectrum of

- - — — domaina

RN

FIG. 1. Surface Brillouin zones of the two-domain 02X 1
r.;s\urface in the repeated zone scheme.
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TABLE I. Root-mean-square surface roughness of Si, strained

B He(I) radiation Ne(I) radiation
Si,Ge, _ alloys, and relaxed gbe, _, alloys. hve2l 21 eV b 121685 eV

Strained  rms roughnegd) Relaxed RMS roughnegd)

D
Si (cubio 2.6+x0.5
Sip G2 3.0:0.5 A A
Sio 6G&.4 4.9+05 ShGes 30.0+1 G B B
Sip Geys 4.5+0.5 Sh.Cee 16.5+1 :
Sip.Gey g 13.9+1
Ge 60.2:1 3s° 3

30°

the metallic(Mo) sample holder. Both techniques yielded the

Intensity (arbitrary units)

250 25°
same values.
209 20°
RESULTS 15° 15°
Ex situatomic force microscopyAFM) was performed to ol 10°
investigate the surface roughness of the samples. The root- 5 5
mean-squarérms) surface roughness of the films obtained
from AFM experiments are summarized in Table I. The re- * o
sults show that the value of the rms surface roughness of —rT—Tr T Tr—T—YTTTTT
relaxed SjGe, _, alloys increased with decreasing Ge con- -6 4 2 Er -6 -4 2 Ep
tent, although the lattice mismatch between Si and Ge de-
creases as Ge content decreases. We attribute this increase to Energy relative to the Fermi level (eV)
the increased layer thicknesses used for the relaxgsGg; 4
alloys as opposed to the thin layers of the relaxedGe g FIG. 2. ARUPS spectra of a clean(800)2x 1 surface recorded

alloys. The AFM image of pure Ge showed larger structuresss a function of emission angtg in the[010] azimuthal direction,

on the surface, which resulted in an increased rms surfacebtained with(a) He1 (21.21 eV excitation andb) Ne 1 (16.85 eV

roughness. This is probably due to the large lattice mismatchxcitation. The peaks labelel and B indicate the surface states

between Si and Ge which results in a Stranski-Krastono@ssociated with dangling-bond states; pe@kandD indicate the

growth mode. surface states related to the dimer bond states and the back bond
The LEED patterns of the clean surfaces exhibited a sharptates. respectively.

double domain X1 surface reconstruction and those of the ) )

H-terminated samples showed a diffuse double domaith 2 clean Gé_100)2><1 surface, a surface state associated with

reconstructed surface. The diffuse spots and streaks in tHB€ dangling bond was found at 0.86 eV belBw atI" and

H-terminated surface indicate small domains and/or an incohe state exhibited a downward dispersion towaifs. A

herence of the dimer domaif%3° The AES data obtained Surface state that may be related to the back bond was also

prior to and after ARUPS scans indicated Si and Ge peakgbserved at-3.09 eV relative t&E around thel,, point for

with O and C below the detection limit. the clean GEL00)2x 1 surface. However, similar to the re-
The ARUPS spectra of the clean and H-terminatedsults reported by Landemask al,'* there was no evidence

Si(100 and G&100) surfaces were obtained with two differ- of the calculated dimer bond surface state or resonance at

ent photon energie€1.21 and 16.85 eVand compared to ~2.2 eV belowEg atJ,.

the data reported previousty!* The ARUPS spectra of ~ After H exposure of the $1002x1 surface, two

the clean SiL00) surface, recorded with Heand Nel exci- H-induced surface states or resonankksand M, (follow-
tations, for various emission angles along B0] direction  ing the notation of Johansson, Uhrberg, and HanSsovere
are shown in Fig. 2. observed at-4.95 and—5.95 eV relative to the Fermi level,

Several structures that have been attributed to emissiorespectively, for an emission angle of 35°. In the spectra of
from occupied surface states were observed for a cleathe monohydride G&00 surface, one H-induced surface
Si(1002x1 surface. The surface state(following the no-  state or resonance was identified at 5.30 eV belgwat an
tation of Johanssoet al3') observed at 0.88 eV belol: at  emission angle of 35°. These results showed close agreement
I disperses downward to 1.58 eV beld@y atJ,,. Surface Wwith previously reported data, although the absolute posi-
stateB was detected at 1.00 eV beldg: from an emission tions differ slightly. 3"
angle of~25° for spectra with He (21.21 eV} photon en- Figures 3a) and 3b) show ARUPS spectra of the clean
ergy. The statés observed at 30° and 35° emission anglesstrained §j Ge, , surface, recorded as a function of emission
from the clean surface with Heexcitation shows the same angle ¢, with 21.21 and 16.85 eV photon energies, respec-
behavior as the state that had previously been related to tively. Two surface states, markédandD in Figs. 3a) and
dimer bond surface staté.More recent studies have indi- 3(b), were observed from the spectra of the clean surface.
cated that the feature is a bulk stAléThe surface stat®,  The stateA disperses from 0.93 eV belo& atI" down to
which has been associated with the back bond, was alsb40 eV belowE atJ;,. The surface stat®, which begins
identified on the SL00)2Xx 1 surface. From the spectra of the to develop at an emission angle of 20°, shows a downward
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(a) He(I) radiation (b) Ne(I) radiation (a) He(l) radiation (| (b) Ne(I) radiation
D hv=21.21 eV hv=16.85 eV hv=21.21¢V | hv=16.85 eV

20°
207

15°
15°

10°
10

Intensity (arbitrary units)
g/; /}H}
8 8 3
(}/{}j?
: 5 g 4
Intensity (arbitrary units)
j/f 2 .
*
> g 8 &
//7%/3
*
g &5 8

6 4 2 F 6 4 2  Eg 6 4 2 E 6 4 2 K
Energy relative to the Fermi level (eV) Energy relative to the Fermi level (eV)
FIG. 3. ARUPS spectra of a clean straineg e, , alloy sur- FIG. 4. ARUPS spectra of monohydride strainegldSie, , alloy
face recorded as a function of emission an@lén the[010] azi-  surface recorded as a function of emission arglén the [010]

muthal direction, obtained witte) He 1 (21.21 eVj excitation and ~ a@zimuthal direction obtained witfa) He 1 (21.21 eV excitation and
(b) Ne 1 (16.85 e\j excitation. The peaks labelédandD indicate ~ (0) Ne I (16.85 eVj excitation. The peak labelekl indicates the

the surface states related to dangling-bond states and back-boRydrogen-induced surface state and the asterisk indicates a state
states, respectively. with an energy neab of the clean surface.

dispersion tal},, of 1.01 eV. The corresponding spectra from electron affinities of the series of clean and H-terminated
the monohydride surface are shown in Figi)4nd 4b).  SikGe,»(1002X1 surfaces. The electron affinity of the
An H-induced surface state or resonance, lab®leth Figs.  Semiconductor can be related to the photoemission spectra
4(a) and 4b), was observed at5.60 eV belowEg on the through the relation
monohydride surface. The surface sthtevas largely absent
on the monohydride surface. There is, however, an identifi-
able weak featurémarked by an asterigkhat occurs at the x=hv—W-Eg,
same energy as stdiein the corresponding spectra from the
clean surface.

ARUPS spectra of the clean relaxeq $be, g surface and Wherehv is the incident energy21.21 eV for Hei radia-
the H-terminated relaxed §iGe, g surface, recorded as a tion), Eq is the band gap of the semiconductor, akds the
function of emission anglé,, with 21.21 and 16.85 eV pho- width of the ARUPS spectrum. To obtain the width of the
ton energies, are shown in Figs. 5 and 6, respectively. Thepectrum it is usually necessary to bias the sample such that
surface stateA observed at-0.80 eV relative toEx atI"  low-energy electrons can overcome the work function of the
disperses downward te 1.52 eV relative tcEg atJ;,. The analyzer. The width of the spectrum was obtained by mea-
surface stat® was also identified in the spectra of the cleansuring the energy difference between the onset of the spec-
surface. A H-induced surface state or resonance was oltrum (valence-band maximumand the cutoff of the spec-
served at 5.26 eV belo&, at an emission angle of 0° after trum by the vacuum levellow-energy limi). The measured
H-plasma exposure of the 3Ge&) g surface. This statév electron affinities are summarized in Table Il and plotted in
disperses downward initially and then remains at 5.44 e\Fig. 7. The band gap of the &e,_, alloys™ is also shown
below Eg, which is a higher energy than the position of thein the figure. Using the electron affinity data and the reported
M state on the monohydride straineg e, , surface. Here band gap, the relative energies of the conduction band and
also the stat® is largely absent in the monohydride surface, the valence band of the strained and the unstrainggesi ,
but a weak feature occurs at a similar energyDasn the  alloys are plotted with respect to the vacuum level. The con-
corresponding clean spectra. These surface sfat& and  duction band and the valence band of the straing@&i
M are noted in Figs. 5 and 6. alloys are marked as solid lines and those of the unstrained

The ARUPS system was also employed to measure th8i,Ge, _, alloys are marked as dashed lines.
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(a) He(D) radiation || (b) Ne(I) radiation (a) He(I) radiation || (b) Ne(I) radiation
hv=21.21 eV D hv=16.85 eV hv=21.21eV hv=16.85 eV

M
A *
\/Vk\k v /v\
40°
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35°
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20°
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15°
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Intensity (arbitrary units)

[
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&

50
50

T
6 -4 2 E 6 4 2 | Eg 6 4 2 Eg 6 4 2 E

Energy relative to the Fermi level (eV) Energy relative to the Fermi level (eV)

FIG. 5. ARUPS spectra of a clean relaxed Se, g alloy sur-
face recorded as a function of emission ang@len the [010] azi-
muthal direction, obtained witte) He 1 (21.21 eVf excitation and  azimuthal direction, obtained witte) He 1 (21.21 e\j excitation
(b) Ne1 (16.85 eV excitation. The peaks labelédandD indicate  and (b) Ne 1 (16.85 eV excitation. The peak labelell indicates
the surface states related to dangling-bond states and back-bogge hydrogen induced surface state and the asterisk indicates a state
states, respectively. with an energy neab of the clean surface.

FIG. 6. ARUPS spectra of monohydride relaxed &g, g alloy
surface recorded as a function of emission anglen the [010]

DISCUSSION tronic structure of the $1002X 1 surface with polarization-
dependent angle-resolved photoemission and obtained sur-
Consider first the identification of the states on the clearface band dispersions of single-domair 2 surfaces along
surfaces. In Figs. (@ and 3b), two surface stated andD  the[011] and[011] directions. They also compared the elec-
are identified by comparing the clean surface spectra olronic structure of the single-domain ($002x1 surface

tained with Hel and Nel photon energies. The origin of the with the electronic structure of the two-domain surface re-
features can be determined by comparing the spectra from

the monohydride and the clean surfaces shown in Figs. 3 and TABLE Il. Measured electron affinities of the>2L recon-

4. In Figs. 4a) and 4b), it can be noted that the surface statestructed(100 surfaces of Si, strained &e, _, alloys, and relaxed

A was completely removed by hydrogen chemisorption. ThisSikGe, _, alloys. The value for Si is shown in the strained and the
indicates that thé\ state is a surface state most likely attrib- relaxed columns for comparison.

uted to the dangling-bond state. The surface state, denotéd

D, which appears at emission angle20° and disperses Electron affinity Electron affinity
downwards towards),,, was also observed for the clean SxG€-x(100 of the clean surface  of the H-terminated
surface. A weak feature was observed in the corresponding SU"face (ev) surface(eV)
spectra of the monohydride surface. This will be discussed Strained

further below. A strong H-induced surface state or resonancesg; (cupic 3.82+0.03 3.83-0.03

observed on the monohydride surface shows a nondispers,ivesi0

e m _ i ey 3.91+0.03 3.96:0.03
character. This indicates that this staké)(is strongly local- Sip G 3.93+0.03 3.93-0.03
ized in the[010] direction. Si0.4GQ).6 3.96+-0.03 3.96-0.03
To explain the structureD, the experimental results .

shown in Figs. 3 and 4 may be compared to the earlier theo- Relaxed

retical and experimental band structures 0f180 and Si (cubio 3.82+0.03 3.83-0.03
Ge(100 surfaces. Uhrbergt al3? and Koke, Goldmann, and  Siy Gey 4 3.88+0.03 3.87:0.03
Monch*® conducted ARUPS experiments on(XI0) sur-  Si,,Geys 3.88+0.03 3.88-0.03
faces. They observed the state, which disperses down- sj,,Ge) g 3.91+0.03 3.90-0.03
ward, and suggested that this state was associated with these 4.04-0.03 4.05-0.03

dimer bond. Recently, Johanssenal3! studied the elec-
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, 80 100 FIG. 8. Surface band structure of th& 2 reconstructed strained
Si Ge Siy.gGey 5100 surface in thegl010] azimuthal direction, recorded
Ge concentration (%) with 21.21 eV photon energ§D) and 16.85 eV photon energy ).

The surface states associated with the dangling bond, back bond,
FIG. 7. Valence- and conduction-band edges of thd 2econ-  and H-induced surface states are labele®, andM, respectively.
structed (100 surfaces of Si, strained &e,_, alloys, and un-
strained S(iGel,X_ alloys. The conduction band ar_1d the_ va}lence ky= kg + Ge~ki + Gs,
band of the strained 3be,_, alloys are marked with solid lines
and those of the unstrained Sie, _, alloys are marked with dashed

lines. Circles and triangles indicate the measured electron affinities v2ZmEg, |
of the strained and relaxed ,&ie, _,(1002X1 surfaces, respec- kj=kj[= 5 Sinfe,

tively. The band gap data reported by Pedjplef. 18 were used to

osition the valence band. I .
P wherek;, andky, are the wave vectors of the initial and final

corded in thg010Q] direction, as well as with the theoretical states of the photoelectrons, respectively. By measuring the
band-structure calculation of Pollmaet al3***which was  kinetic energyE,;, of electrons as a function of emission
based on an asymmetric dimer model. They identified theingle §,, a dispersion curv&;(k;) can be obtained.
surface states that may be related to the back bond and the The band dispersions of the surface states or resonances
dimer bond. Contrary to the assignments in Refs. 32 and 33or the peaks ofA, D, andM of strained SjGe,, (Figs. 3
it was suggested that the state, which disperses downward and 4 are summarized in Fig. 8. The surface band structure
towardsJ},, was related to the back-bond state. Landermarlof the 2x<1 reconstructed relaxed (3G&, ¢(100) surface is
et al’>12 also observed thi® state from the G@01)2x1  also shown in Fig. 9. The surface states previously associated
surface and noted that the surface structure of this state co-
incided with the calculated surface structure of the back
bond. By comparing these results with the data of the
Sip.§G & » Surface, thd state in Figs. 3 and 4 may be related
to the back-bond state rather than the dimer-bond state.

In the study of Koke, Goldmann, and Moh the structure
D was observed on clean and monohydridel@0) surfaces
but not on the dihydride surfac@.In contrast, it was re-
ported that the structui@ was not observed on monohydride
surfacé! and thus is sensitive to chemisorption on the
surface®*2 Furthermore, it was shown by Landemazkal.
that a state was observed from monohydridgB#&2x 1
that showed dispersion similar to staie from the clean
surfacet? The measurements and analysis indicated that this
state was, in fact, a bulk state. In our studies we observed a ¢ . 0'2 0'4 0'6 0'8 1'0 "
weak feature that apparently corresponded to fdabe two- ) ’ ’ ’ ’ ’
domain H-terminated 21 SiGe,_, alloy surfaces. It is, Wave vector(i-1)
however, likely that this feature is actually a bulk state with

the same origin as noted in Ref. 12. FIG. 9. Surface band structure of th& 2 reconstructed relaxed

In photoemission experiments on well-ordered surfacessi, ,Ge, 5100 surface in the{010] azimuthal direction, recorded
k, of a large fraction of the emitted electrons is conservedith 21.21 eV photon energ§D) and 16.85 eV photon energy ).
within a surface reciprocal lattice wave vectGr 3% The  The surface states associated with the dangling bond, back bond,
relations for the parallel wave vectors are given by and H-induced surface states are labéle®, andM, respectively.
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FIG. 10. Surface band structure of the<2 reconstructed FIG. 11. Surface band structure of th&® reconstructed re-
strained SiGe, (100 surfaces in thg010] azimuthal direction,  |axed SjGe, (100 surfaces in th¢010] azimuthal direction, re-
recorded with 21.21 eV photon energy. The surface states assoGorded with 21.21 eV photon energy. The surface states associated

ated with the dangling bond, back bond, and H-induced surfacqiith the dangling bond, back bond, and H-induced surface states
states are marked & D, andM, respectively. are marked a#, D, andM, respectively.

with the dangling bond, back bond, and H-induced surfacelloys (for the same concentratipriThus it appears that the
states or resonances are markedAasD, and M, respec- position of the H-induced peak relative to the valence-band
tively. maximum decreases as the band gap decreases, and this trend
In general, the positions of the surface states from thés observed both as Ge concentration increases and for the
spectra with He photon energy are in good agreement withstrained vs unstrained alloys.
those from the spectra with Nephoton energy. However, The electron affinity is an important surface parameter for
Figs. 8 and 9 show that the band structurk at~0.6 A" of  characterizing interfaces of semiconductors. The electron af-
stateD excited with Hel radiation exhibits a small energy finity is sensitive to the surface dipole, which is the result of
difference from theD state obtained with Neexcitation. For  any modification in the surface electron charge distribution.
pure Si and pure Ge, the structure related to the back-borhis can be, for example, by adsorption of atoms or mol-
state has a surface resonance character due to the overlégules on a clean surface. The electron affinity can be ob-
with the projected bulk band structule® Furthermore, it tained by subtracting from the work functidg) the differ-
was reported that the positions of st&teand the bulk states ence in energy between the Fermi level and the conduction
are quite close at,=~0.6 A"13% Therefore, it can be sug- band minimum (y=¢—[E.—E]). The results presented
gested that the sta® atk,=~0.6 A™"is mixed with a bulk  here indicate that the electron affinity of the strained
state and shows a dependence on the incident photon energyGe, _, (100 surface is only slightly larger than that of the

due to partial bulk character. relaxed SjGe, ,(100 surface of the same Ge content, al-
The band dispersions for the surface states or resonancgugh the strained and the unstrainedGsj _, alloys ex-
A, D, and M of 2X1 reconstructed strained and relaxed

Si,Ge,_,(100 surfaces along thgd10] azimuthal direction,

recorded with 21.21 eV photon energy, are plotted in Figs. 5.2
10 and 11, respectively. To obtain the valueJf, of the
relaxed SjGe, _, alloys, it is necessary to calculate the lat-
tice constanty, of each sample. When calculating the parallel
lattice constant of the relaxed,&ie,_, alloys, it was as-
sumed that Vegard's law holds for the Gg, _, alloys and
that the films were totally relaxed.

Figure 12 summarizes the average energy of the
H-induced surface state banill§ of the strained and relaxed
Si,Ge, _, alloys. With increasing Ge content the band ap-
pears at lower energy relative to the valence-band maximum.
This can be understood since the position of the H-induced 6.0 . . . .
peak(M,) of Si (5.95 eV belowE; at an emission angle 30° 0 20 40 60 80 100
is observed at a larger relative energy than that of(&81 Ge concentration (%)
eV belowE at an emission angle 30°We also find that the
relative position of the H-induced peak for the strained F|G. 12. Energy of the H-induced surface state band versus
Si,Ge _, alloys with x=0.4 and 0.6 is slightly decreased alloy concentration. While the bands are relatively flat, the data
from that of the unstrained alloys. We note that the strainedhown here were all obtained from spectra at an emission angle of
alloys will exhibit a smaller band gap than the unstrained3o°.
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hibit substantial differences in the band gap for identical al- CONCLUSIONS

loy concentrations. This implies that most of the energy The surface state band structures of a series of clean and
difference in the band gap of a series ofGs, - alloys is H-terminated SiGe,_, alloy surfaces were obtained using

present in the valence-band edge. )
. . ARUPS. The surface state due to the dangling bond was
In a study of H adsorption on G&00), a work function identified from the series of clean strained and relaxed

changeA ¢ was observed after H exposuifeThe experimen- Si.Ge_, alloy surfaces. The ARUPS spectra of

tal results showed that after the initial ste®p increases for H-terminated SiGe, _, alloy surfaces exhibited a hydrogen-
—X
low coverage of hydrogen, thi¢ saturated at a value less induced surface state corresponding to the€G8FH bond.

than +0.05 eV in going from GE002x1 to G&1002 .
X1:H. This suggests that the work function was not affectedb‘nOther surface state, which was related to the back bond,
was observed from the clean,Gig, _, alloy surfaces.

by H-passivation. Fujiwara also reported a decrease in the . )
work function (~0.4 eV) upon hydrogenation on Gi00) The electron affinities of the series of clean and
surface®® However, it can be noted that the UPS spectra OiHr;frrr;]rl1naetg(?‘ro?hegléé(tlc?(z)z2021e\?u?ﬁge;sﬁﬁéeshrg\?vatshuar??he
the H-terminated Si surface in Ref. 38 shows a broad peak 4 ectrongaffinity of. the stréined ;3391 (100 surface is
_ . . . —X

8 eV below the Fermi level, which may be attributed to theIarger than that of the relaxed, e, (100 surface with

non-bondingp orbitals of O present on the surfateThis he same Ge content while the electron affinity was un-
indicates that the H-terminated Si surface, which was used ilLu ’ . Y
changed by hydrogen passivation for the same sample.

the study of Fujiwara, was contaminated with oxygen. In the
results reported here, the measured electron affinity of the ACKNOWLEDGMENTS
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