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Photoemission investigation of the alkali-metal-induced two-dimensional electron gas
at the Si„111…„1Ã1…:H surface
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We investigate the formation of a two-dimensional electron gas~2DEG! at the hydrogen-passivated silicon
~111! surface exposed to tiny amounts of alkali metals~K and Cs! by means of high-resolution ultraviolet
photoemission spectroscopy. The accumulation layer derives from the quantization and filling of bulk states
located around the conduction-band minimum. Direct photoemission from these states results in a well-defined
and structureless feature, which becomes huge when the alkali metal is deposited at low temperature~150 K!,
indicating a much higher charge transfer associated with the growth at low temperature. Its shape is charac-
terized by a tail which is attributed to the broadening of the 2DEG density of states due to the random fields
set up by the ionized alkali metal at the surface, providing direct experimental evidence of tailing of two-
dimensional subbands at a free semiconductor surface.
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I. INTRODUCTION

Low-dimensional semiconductor structures have been
subject of a wide range of studies during the last two
cades. Their importance is due to the number of mod
devices, such as metal-oxide semiconductors, heteroj
tions, quantum-wells, and superlattices, which are based
these structures and which therefore derive their prope
from the characteristics of the two-dimensional electron
~2DEG!.1 A 2DEG can be created at a free semiconduc
surface by the accumulation of electronic charge deriv
from adsorbate atoms or from defects, as observed in
case of small gap III-V semiconductors such as InAs a
InSb.2,3,6 Recently, due to the high luminosity and resoluti
of modern electron analyzers, direct photoemission from
2DEG in these systems can be measured with great p
sion, resulting in a feature observed in the energy distribu
curve ~EDC! around the Fermi level. The EDC’s thus o
tained are in excellent agreement with the calculated e
tronic structure and density of states, directly proving
quantization of the charge accumulation layer and the ac
racy of its formal description.4,5 Despite the attention de
voted to small gap III-V semiconductors and the lar
amount of papers dealing with the interaction of silicon s
faces with various kind of adsorbates, a detailed photoem
sion investigation of the 2DEG formed at the surface of
emental semiconductors is still lacking. Alkali-metal~AM !
deposition on clean reconstructed Si~111! surfaces is known
to induce the formation of a depletion layer.7 An accumula-
tion layer is instead induced by deposition of a small amo
of AM on the clean Si(100)2(231),8 and on the ‘‘passi-
vated’’ As(131)/Si(111),9 As(131)/Ge(111),10 Na(3
31)/Si(111),11 B(131)/Si(111),12 and H(131)/Si(111)
~Refs. 13 and 14! surfaces. On the clean Si~100! and on the
As-passivated~111! surfaces, a feature has been observed
the Fermi level and attributed to the partial occupation o
substrate empty surface state, while on the Na
31)/Si(111) and on the hydrogenated H(131)/Si(111) no
0163-1829/2003/67~15!/155325~7!/$20.00 67 1553
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measurements detecting the expected emission around
Fermi level have been reported so far.

In the present paper we present a detailed high-resolu
~HR! ultraviolet photoemission spectroscopy~UPS! investi-
gation of the 2DEG formation at the hydrogen-passiva
Si~111! surface exposed to small amounts of alkali meta
focusing our attention on the emission from the accumula
electron gas. An intense feature is observed at the Fe
level, which is attributed to the filling of substrate emp
bulk states. Dosing the AM at low temperature~150 K! re-
sults in a giant emission, whose intensity is more than o
order-of-magnitude higher than that detected at room te
perature~RT!. This shows that the charge transfer is strong
enhanced at low temperature~LT!, probably because of the
different growing conditions when the AM surface diffusiv
ity is lowered. Finally, the high-energy resolution and lum
nosity of the electron analyzer allowed us to study the sh
of the feature. From comparison with recent calculations15,16

we derived evidence of the broadening of the 2DEG den
of states due to the random fields set up by the ionized
atoms at the surface, already known to produce a strong
homogeneity of the surface band bending.17

II. EXPERIMENT

The Si substrate used in the experiment was ofn type
with a doping concentration of about 931015 atoms/cm3.
The hydrogenated surfaces were obtained by chemical e
ing in HF and NH4F as reported by Dumas and Chabal18

The surfaces were then introduced in the UHV system b
load lock soon after the last chemical etching.

HR-UPS measurements were carried out in a system c
sisting of two connected chambers~preparation and analy
sis!, with a base pressure of 731029Pa (7310211 mbar), in
which different kinds of electron spectroscopies such
high-resolution electron-energy loss, HR-UP, x-ray pho
emission, and Auger electron, can be performed. Photoe
sion spectra excited by He-I~21.218 eV! and He-II ~40.814
eV! UV radiation were measured by means of a SCIEN
©2003 The American Physical Society25-1
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SES 200 hemispherical analyzer, with an overall ene
resolution between 20 and 40 meV and an angular ac
tance of about66 °.

From the position of the valence-band maximum~VBM !,
it was possible to deduce an ‘‘intrinsic’’ upward band ben
ing of about 0.2 eV on the clean surface, probably due t
small amount of disorder on the surface. In fact the surf
valence-band edge was found at about 0.7-eV below
Fermi level, while on the basis of the doping level a value
about 0.9 eV was expected for the bulk.

The alkali metals were evaporated from well-outgas
SAES Getters dispensers, in a vacuum that never exce
331028 Pa. Depositions and measurements were don
RT and at 150 K~LT!.

The amount of deposited metal was obtained from
intensity of the K 3p or Cs 5p core lines excited by He-II
photons. These measurements showed that at RT the
coverage saturates at a certain value, which is assumed
the reference for the coverage and is referred to in the
lowing as Q51. It was then possible to convert the tim
scale into a coverage scale.

III. RESULTS

The valence-band~VB! photoemission spectrum of th
clean Si(111)(131)2H surface, excited by He-I radiatio
for an electron takeoff angle of 28 °, is shown in Fig. 1. T
three features typical of the clean surface can be identifie
about 3.9, 5.9, and 7.9 eV of binding energy. These featu
are attributed to a bulk state, to the saturated dangling bo
~SiH!, and to a surface resonance~SR!, respectively.19,20The
amount of deposited K is indicated as a fraction of the sa
ration coverage, relating the exposure time to the cover
by means of the calibrating curve shown in the inset
Fig. 1.

The evolution of the valence band in the first stages
potassium deposition is characterized by an almost rigid
ergy shift of the whole spectrum towards higher binding e
ergy and a slight intensity reduction and broadening of
SiH peak and of the small shoulder located on its right si
deriving from the backbonds of the surface silicon atom20

The most interesting feature, however, is the small p
crossing the Fermi level—indicated by ‘‘F ’’ in Fig.
1—which appears for coverages higher than 0.03 and
more visible on the right side of Fig. 1, where the Ferm
level region is magnified. We focus on this feature in t
following to elucidate its origin.

The shift of the valence band corresponds to the b
bending induced by the AM adsorption. The SiH-peak sh
vs K coverage, taken as a measure of the band bendin
duced by the alkali metal, is reported in Fig. 2~top curve!.
Starting from the lowest coverage (Q'0.01) the Fermi level
rapidly moves upwards, enters in the conduction ba
reaching the maximum shift~0.55 eV! for Q'0.15, then
slowly moves back towards the bottom of the conduct
band that is crossed atQ'0.7. Therefore, for coverages be
tween 0.03 and 0.7 the Fermi level stays inside the cond
tion band, reaching 0.23 eV above the conduction-band m
mum ~CBM! for Q'0.15, meaning that an accumulatio
15532
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layer occurs at the surface. The bottom curve in Fig. 2 i
plot of the F-peak intensity as a function of K coverag
showing that the range of existence of theF peak corre-
sponds to the presence of the Fermi level inside the cond
tion band. We therefore deduce that this peak is the emis

FIG. 1. Valence-band spectra (He-I-Ka , hn521.218 eV) as a
function of potassium coverage taken at 28 ° from the surface
mal along theGM direction. Deposition and measurements ha
been taken at RT. The Fermi-level zone has been magnified on
right, in order to evidence the Fermi level emission. The in
shows the K 3p core level as a function of the exposure time.

FIG. 2. Surface Fermi-level position~right scale! and intensity
~left scale! of the Fermi-level emission peak~F! as a function of
coverage.
5-2
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from states—normally empty—whose filling is induced
the adsorbate.

An identical peak appears if cesium is deposited
Si(111)(131)2H. The coverage dependence is the sa
described for potassium. In both cases the peak has an a
metrical shape, with a tail on the high binding-energy si
which is also independent from the amount of deposi
metal, i.e., from its intensity. An interesting characteristic
theF emission is the strong angular dependence of its in
sity, whereas neither its shape nor its position are appare
affected by the emission angle. Figure 3 shows that the
tensity along theGM direction is about one order-of
magnitude higher than those alongGM 8, GK, and GK8
~where the primed directions are the opposite with respec
G of the nonprimed ones19!. Furthermore, alongGM , the
intensity reaches its maximum when the electron wave v
tor has values around 0.85–0.95 Å21, which corresponds to
the minimum of the Si~111! conduction band projected o
the surface Brillouin zone.19

Remarkable is the effect of the substrate temperature
the intensity and position of the VB and theF-peak features
in these systems. Figure 4 shows the VB spectra taken be
and after cooling the clean sample and then depositing K
LT. The cooling of the clean substrate from RT to 150
shifts the VB by 140 meV towards higher binding energi
in agreement with the expected temperature dependenc
the Fermi level in ann-doped silicon crystal21 in the absence
of any pinning, indicating a very small density of defe
states on the clean surface. Low-temperature deposition
small K quantity (Q50.1) on the hydrogenated Si surfac
results in a giant emission at the Fermi level~Fig. 4, curve c!
which is 20 times higher than at RT. Corresponding to t
large emission at the Fermi level, a further shift of the m
features occurs. The large band bending allows one to
that the shift is not rigid, but bulk and surface features

FIG. 3. Intensity of the Fermi-level peak as a function of t
surface parallel wave-vector component of the emitted electr
The emission angles corresponding toM andK points are 27 ° and
31 °, respectively.
15532
n
e
m-
,
d
f
n-
tly
n-

to

c-

n

re
at

,
of

f a

s
n
ee
e

differently shifted. The inset of Fig. 4 reports the differe
Fermi-level positions with respect to the bulk silicon ba
structure deduced from the shifts of the three main VB f
tures. At the largest accumulation, the shift corresponds
Fermi-level position well above the conduction-band mi
mum. It amounts to 350 meV for the SR and the satura
dangling bonds~SiH!, and to 150 meV for the bulk state
Even at room temperature the bulk and surface shifts w
not the same, showing a difference which increases w
band bending, reaching a maximum value of 120 meV. T
discrepancy is related to the different nature of the sta
originating from the different valence-band structures.
fact, while the binding energy of the surface features is
termined by the band bending at the surface, where it reac
its largest value, the position of the bulk feature is an aver
over the whole electron escape depth, and therefore re
are smaller. A similar effect influences the band bending
the plane of the surface, producing a broadening and an
tensity decrease of all the features. The effect is perhaps
visible on the SiH peak, which is the narrowest. Due to
superposition of components differently shifted in ener
this feature broadens and its height decreases, although
area is conserved. This effect of the band bending inhom
geneity is consistent with the analysis of the core line p
toemission spectra recently performed on this same syste17

That work showed that in the submonolayer regime, the b
bending at the surface is described by a nearly Gaus
distribution having a full width at half maximum~FWHM!
of about 300 meV. Moreover, that analysis showed that
mean band bending value decreases from the surface to

s.

FIG. 4. Valence-band spectra (He-I-Ka , hn521.218 eV,
taken at 28 ° from the surface normal along theGM direction! and
surface Fermi-level position of~a! a clean surface at RT,~b! a clean
surface at 170 K, and~c! after dosing K (Q50.1) onto the surface
at LT and ~d! the same conditions as in~c! after exposure to the
residual atmosphere for about 2 h.
5-3
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bulk. At the fifth silicon plane below the surface~about 6 Å!,
the band bending is 250-meV smaller than at the surface.
electron escape depth corresponding to the bulk featur
about 6 Å . A simulation performed by summing the contr
butions deriving from ten planes and assuming a linear
pendence of the band bending decrease of 50 meV pe
plane leads to a shift of the bulk feature of 120 meV, in go
agreement with the experiment.

The cooling of a surface previously exposed to K (Q
50.15) at room temperature leaves practically unchan
the VB spectrum~not shown!, a very different behavior com
pared to that seen by depositing at low temperature. At v
ance with the clean surface, in this case the energy shi
within measurement uncertainty, pointing out the substan
Fermi-level pinning at the surface, now kept in place by
high density of surface states of the 2DEG.

The shape of theF peak also shows a temperature dep
dence. The peak induced by an AM deposition at RTQ
50.1) measured at RT and at 150 K~LT! with an overall
energy resolution lower than 20 meV is shown in Fig. 5. T
low-energy tail is practically unaffected by temperatu
while the positions of the maximum and the high-energy s
strongly change with cooling, because of the narrowing
the Fermi-Dirac distribution function. TheF-peak FWHM is
around 120 and 90 meV at RT and LT, respectively. T
temperature lowering produces a small shift~15 meV! of the
Fermi level towards lower kinetic energies, the origin
which is still unclear.

FIG. 5. Upper panel: Detail of the Fermi-level peak induced
dosing potassium (Q50.1) at RT measured both at RT and L
Experimental~dots! and calculated~solid line! spectra result from
the fit based on the density-of-states~DOS! profile expected for a
2DEG subject to random potentials. Lower panel: the DOS pro
and Fermi-Dirac statistical distribution function corresponding
the calculated spectra. The fits correspond to an accumulated c
density of 5.231012 ~RT! and 2.331012 cm22 ~LT!.
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IV. DISCUSSION

The experimental results presented here show that
deposition of very small amounts of AM onto the hydroge
passivated silicon~111! surface induces a strong downwa
band bending, shifting the valence band almost rigidly. T
Fermi level enters into the conduction band and previou
empty substrate states are filled, giving rise to a photoem
sion peak at the Fermi level. A strict correlation is observ
between the surface band bending and the intensity of thF
peak, since this emission is present whenever the Fermi l
enters the conduction band and disappears when the F
level exits. Furthermore, the independence of theF peak
from the specific AM~Cs or K! indicates that it derives from
electronic states of the substrate. But still we do not kn
the states from which the electrons originate. There are
possibilities:

~i! ‘‘true’’ surface empty states of the substrate—related
the H-Si bond, as in the case of As-terminated Si~111! ~Ref.
9! or Ge~111!;10

~ii ! an ‘‘electrostatically confined’’ two-dimensional elec
tron gas~2DEG! produced by the AM ionization, in which
the states are the substrate conduction-band states quan
along thez direction by the potential setup by the AM ion
and the screening electrons.

We will shortly see that the correct answer is~ii !. The
angular dependence of theF-peak intensity reflects the dis
persion of the states originating from the Fermi emissi
The experiment~Fig. 3! shows that the intensity along th
GM direction is about one order-of-magnitude higher th
those alongGM 8, GK, and GK8. The maximum of the
F-peak intensity is reached at the wave vector correspond
to the minimum of the conduction band projected along
~111! direction,22 and its width is comparable to that of th
band edge in the same point. Moreover, we observe tha
the unreconstructed surface the directionsGM and GK are
equivalent to their opposites (GM 8 andGK8), while this is
not true for the bulk, where the symmetry is strict
trigonal,20,22ruling out the fact that theF peak may originate
from surface states. On the other hand, calculations
formed on the hydrogenated Si~111! surface find hydrogen-
induced empty surface states only 2-eV above the VBM23

whereas the first state detected above the CBM by inve
photoemission is a resonance with bulklike character. Thi
located 2.4-eV above the VBM, so it is too high in energy
explain theF emission. In addition, the wave vector corr
sponding to its minimum does not match with our measu
ments, being located around 0.5GM .24 These findings indi-
cate that theF peak originates from the bulk states locat
around the conduction-band minima, similarly to the InA
and InSb~110! systems.25 In those cases, however, the em
sion at the Fermi level had a very different shape, show
the staircase structure characteristic of the density of state
a two-dimensional electron gas~2DEG-DOS!, with each step
height given by (gvm*)/( p\2), where gv is the valley
degeneracy.1 On the other hand, a structureless Fermi em
sion is expected when the density of states is sufficien
high to allow the allocation of all the electrons constitutin

e

rge
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the 2DEG in the first subband. This hypothesis agrees w
the much greater density of states around the CBM in Si w
respect to InAs and InSb, derived from the higher effect
mass of electrons and from the valley degeneracy.1 However,
the progressive filling of the subband is expected to be
flected in theF-peak width, but this effect is masked by i
large intrinsic value ('100 meV). TheF-peak intrinsic
width is represented by the left-hand-side tail, while t
right-hand side is due to the thermal broadening of
Fermi-Dirac distribution. The experiment has shown that t
tail is independent of~i! the specific alkali metal,~ii ! the
coverage,~iii ! the temperature, and~iv! the photoelectron
wave vector. A possible peak broadening source is the h
lifetime. Assuming the filling of a single subband, we tried
reproduce theF-peak shape. To account for the finite ho
lifetime (1/G), the ideal staircaselike shape of the 2DE
DOS has to be broadened by convoluting it with a Loren
ian. This leads to a DOS profile expressed
@(gvm*)/( p\2)#$p/21arctan@(E2E0)/(G/2)#%, which has to
be multiplied by the Fermi-Dirac distribution probability t
obtain the expected line shape. The energy-level posi
(E0) must correspond to an accumulation value of the or
of that found in a previous work on the same system,13 that
is, about 431012 cm22. This constraint, together with th
high DOS value, corresponds to a very limited filling of th
low-energy-side tail. The slow decay in energy of this fun
tional form does not allow for an acceptable fit of theF peak,
ruling out the possibility that a Lorentzian form may descri
the main broadening mechanism. On the other hand, s
the 2DEG is not degenerate, the main contribution to
hole lifetime is the same as that determining the carrier m
bility, which is expected to be about 400 cm2 V21 s21, cor-
responding tote

21.15 meV,1,26,27 a value too small to ex-
plain theF-peak width. This conclusion is confirmed by th
invariance of the tail when the temperature is lowered fr
300 K to 150 K~Fig. 5!, whereas the mobility is expected t
double.26

A completely different explanation for theF-peak line
shape is the DOS broadening induced by the random po
tials produced by the alkali-metal ions. This is a well-know
topic concerning heavily doped semiconductors,28 in which
the random potentials deriving from the ionized dopant
oms induce band tails that narrow the band gap. In tw
dimensional systems, extensive magnetotransport inves
tions performed on metal-oxide semiconductor structu
and multiple quantum wells30 enabled discrimination be
tween the scattering time determining the mobility and
relaxation time of the interacting electron gas.29 Recently,
Quang and Tung15 calculated the DOS of a 2DEG subject
random fields. They first performed the calculation in t
semiclassical approximation,15 then treated deep tails by us
ing a fully quantum-mechanical approach.16 These studies
provide an analytical form for the DOS profile in which th
error function, erf(x), predominates on the low-energy sid
Therefore we tried to reproduce theF peak by using the
following expression:

y5y01
gvm

2p\2 F11erfS E2E0

gA2
D G ,
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whereg is the root mean square~rms! of the random-field
strength.

The results are reported in Fig. 5, superposed to the
perimental spectra. The RT and LT spectra are relative to
same surface, first K covered and measured at RT, t
cooled at LT and measured again. The fit has been perfor
on the RT spectrum by varyingE0 andg, imposing a charge-
density value around that expected on the basis of the h
resolution electron-energy-loss results.13 Apart from the
small Fermi-level shift adjustment and the use of the cor
spondingkBT value, the LT spectrum has been reproduc
by changing only the subband energy location in order to
the intensity, whereas the random-field strength valueg
5122 meV) was kept the same. We used (gvm*)/( p\2)
5931014 cm22 eV21 as the DOS value.1 The fit is in good
agreement with the experiment and also theg value agrees
with other independent results, as we see in the following.
mentioned above, a recent investigation of the band bend
inhomogeneity on this same system17 has shown that the
statistical distribution of the surface band bending value
the submonolayer regime is described by a bell-shaped fu
tion which can be approximated by a Gaussian havin
FWHM of about 300 meV. This width is independent of th
coverage.g is a measure of the width of the statistical di
tribution of the potential value. From its definition~rms
value of the random-field strength!, it follows that for a
gaussian distribution its value isg50.425 FWHM. A distri-
bution having FWHM5300 meV corresponds tog
5127 meV, in very good agreement with the results p
sented above.

Let us notice that the subband level (E0) is located above
the Fermi level: 35 and 55 meV for RT and LT, respective
This is a consequence of the high DOS value relative to
charge density accumulated at the surface, which requir
limited filling of the low-energy side of the tail~see Fig. 5!.
The difference between the intensities at RT and LT is due
a different value of the accumulated charge density, 5.2
2.331012 cm22, respectively, corresponding to a 20-me
lowering of the Fermi level with respect to the subband mi
mum. The lower accumulation detected at LT is attributed
the decay that theF peak has shown as a function of tim
probably due to the extreme sensitivity to the contaminat
from the residual atmosphere.

It is worth noting that actually more than one subband
occupied. This is due to the large width of the DOS co
pared to both the subband separation@about 30 meV~Ref.
1!# and thekBT value. However, for the same reason, t
above results and discussion keep their validity, becaus
this case close multiple subbands behave like a single on
determining the DOS shape. As a matter of fact, we expec
resolve each subband contribution if their intensities
similar and their energy separation is large enough compa
with their width. However, this hypothesis is never verifie
because the thermal distribution leads to the vanishing o
contributions except one if subbands are separated enou
be resolved. Conversely, when subbands are close enou
keep a comparable intensity, their contributions cannot
resolved. This conclusion is confirmed by the application
the fitting model extended to include several subban
5-5
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ROBERTO BIAGI et al. PHYSICAL REVIEW B 67, 155325 ~2003!
which provides the same results forE0 andg obtained in the
hypothesis that a single subband was occupied.

The low-temperature deposition of a small quantity of
kali metal on the hydrogenated Si surface results in a not
ably higher value of the band bending~compared to the sam
deposition at RT! corresponding to a giant emission at t
Fermi level~Fig. 4, curve c!. On the contrary, the cooling o
a surface previously exposed at RT at about the same
dose leaves the VB spectrum practically unchanged, poin
out a strong Fermi-level pinning at the surface. These res
indicate that the large bending induced by the deposition
the alkali metal performed at low temperature is not due
the low temperature itself, but to the different growth con
tions. The AM bonding at low temperature seems to be ch
acterized by a much higher charge transfer than that oc
ring at room temperature, probably due to a tempera
dependence of the AM morphology.

At LT, the F peak keeps essentially the same shape see
the case of RT deposition, apart from a small additio
structure on the low-energy side. Also in this case we co
reproduce the mainF-peak feature, as shown in Fig. 6, whe
the calculated spectrum is superimposed to the measured
~dots!. In this case the Fermi-level position is different b
cause the measurements have been made with a diffe
~higher! pass energy. By using the same functional form u
before, we obtained the best fit corresponding to an accu
lation charge density of 431013 cm22, and a random-field
strengthg552 meV. At variance with dosing at AM at RT
the high density of accumulated charge requires thatE0 lie
below the Fermi level~40 meV!. The charge-density value i
just one order-of-magnitude higher than that found in the
deposition, in agreement with the correspondingF-peak in-
tensity ratio, while the strength of the random fieldg is about
half the value found in the RT deposition. A possible exp
nation could come from the full quantum treatment of de
tails, where it is shown that the DOS broadening decrea
with the increase of the kinetic energy of the 2DE
electrons.16

V. CONCLUSIONS

We have shown that the submonolayer deposition of
alkali metal onto the hydrogen-passivated Si~111! surface in-
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