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Quasielastic electron scattering as a probe of the silicon surface space-charge region
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The quasielastic electron scattering from the Si(111)-7&7 surface is presented as a function of
bulk impurity concentration, temperature, and oxygen exposure. The temperature dependence of
the quasielastic peak is calculated for a given pinning position of the surface Fermi level and re-
sults observed on samples with different bulk impurity concentrations can be accounted for. From
these measurements the temperature dependence of the surface depletion layer can be extracted.
At high temperatures scattering from thermally activated free carriers in the conduction band is

observed to give rise to a pronounced increase in the quasielastic peak width.

I. INTRODUCTION

A great deal of interest in the properties of semicon-
ductor surfaces exists. Recent applications of electron
energy-loss spectroscopy (EELS) has shown that quanti-
tative information can be obtained concerning the trans-
port properties of clean and metallized semiconductor
surfaces. ' The application of EELS to the study of
the electronic properties of surfaces results from the in-
teraction of the long-range Coulomb field of the incident
electron with the surface excitations. In dipole scatter-
ing, the small momentum transfer at low loss energies al-
lows EELS to probe the space-charge region of a semi-
conductor surface. In the application of EELS to semi-
conductor surfaces two distinct regimes are usually en-
countered. At sufficiently high carrier densities well-
resolved loss features due to surface plasmons may be
observed in the loss spectra, as shown by Matz and
Luth. The sensitivity of the losses to band bending at
the surface was studied by Matz and Luth with adsor-
bates on GaAs(110), and also by Dubois and Schwartz
in determining the influence of sputtering and annealing
on GaAs(110).

At lower carrier concentrations well-defined plasmon
losses are no longer observed but instead the losses give
rise to a broadening of the quasielastic peak. Quasielas-
tic scattering can also occur from intrinsic surface-state
excitations as observed on the Si(111)-7)&7 surface. The
sensitivity of the surface-state excitations was first shown
by Backes and Ibach, where the broadening of the qua-
sielastic peak was found to decrease with the presence of
adsorbates. Persson and Demuth' showed further that
the quasielastic peak was temperature dependent and
could be quantitatively analyzed to give useful informa-
tion on the transport properties of the surface. Recent-
ly, Stroscio and Ho showed that conduction-band car-
riers can also give rise to quasielastic scattering, which
can be analyzed to provide information on band bending
and Fermi-level pinning at a semiconductor surface. In
this work a very strong dependence was observed at high
temperatures and attributed to thermal activation of free
carriers. Recently, Dubois et al. " observed similar qua-
sielastic scattering from GaAs(100) where the high-
temperature scattering was due mainly to the tempera-
ture dependence of the surface potential barrier but

influenced negligibly by the thermally activated free car-
riers.

In this paper we give a detailed account of the quasi-
elastic scattering from the Si(111)-7)&7, including the
dependence on doping of the high-temperature quasielas-
tic linewidths, and the effects of adsorbates. In a previ-
ous report the temperature dependence of the surface
potential was not included in the analysis of the quasi-
elastic peak, which resulted in a lower activation energy
for thermal generation of carriers than expected. ' In
this work we analyze the quasielastic scattering and in-
clude the temperature dependence of the surface poten-
tial. The temperature dependence of the quasielastic
scattering can then be fit using a single parameter, which
is the surface Fermi-level position. For the Si(111)-7)&7
surface we find that the Fermi level is pinned 0.58 eV
below the conduction-band edge. This value is in good
agreement with photoemission results, which typically
yield values in the range 0.45 —0.55 eV. ' At high tem-
peratures the dominant contribution to the quasielastic
scattering is found to be the thermal activation of free
carriers.

II. EXPERIMENTAL ARRANGEMENT

The experiments were performed in an ion, tur-
bomolecular, and titanium sublimation pumped
ultrahigh-vacuum system with a base pressure of
(4X10 " Torr. The EELS spectrometer consists of a
double-pass 127' cylindrical deflection monochromator
and analyzer. ' The electron-impact energy was 6.8 eV
and the angle of incidence was 60' with respect to the
crystal normal. All measurements were made in the
specular direction with an 8+1 meV full width at half
maximum (FWHM) overall spectrometer resolution.
The coarser resolution of 8 meV, compared to 4-rueV ca-
pability, was chosen to limit fluctuations in the spec-
trometer resolution to + I meV. The FWHM of the qua-
sielastic peak was obtained with an accuracy of 0. 1 meV
by a least-squares fit to a Gaussian line shape. The sam-
ple temperature was regulated with a pulsed current
temperature controller. ' The EELS spectra were col-
lected during cycles when the heating current was gated
off. Multiple sweeps of the spectra were collected with a
multichannel analyzer for signal averaging.
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The samples were obtained from (111)-oriented Si
wafers with n-type As impurity concentrations ranging
from 6.6&& 10' to 1.0)& 10' cm . The bulk carrier den-
sities were determined by conventional resistivity mea-
surements and agreed within —S%%uo with those given by
the supplier. ' The samples were cleaned by repeated
cycles of Ne-ion bombardment at 500 eV, oxidation, and
annealing to 1125 K. Surface cleanliness was monitored
by Auger spectroscopy and EELS, which showed Si-C
contamination during the initial stages of cleaning.
Clean surfaces produced well-ordered 7&7 low-energy
electron ditfraction (LEED) patterns.

III. THEORY

The theoretical formalism for quasielastic scattering
from surfaces was developed by Persson and
Demuth. ' ' Here we describe the relevant parts of the
theory used in our calculations of the quasielastic
scattering. We consider a beam of monoenergetic elec-
trons of energy E and angle of incidence 0 measured
from the crystal normal. In the dipole scattering theory,
the single-scattering probability integrated over the finite
analyzer solid angle of acceptance is given by

2 U

P, (co)=
(ephor) k cos 8 co

X f f(UQ~~/co, 8)lm[g(Q~~, co)], (1)

where f (x, 8), x =UQ~~ /co, is given by

f (x, 8)=—f dP 1+ —tan8cosg
2' 1/x

x 0 cosO

2 —2

(2)

0 39f (x, 60') =
1 —0.81x +0.20x

(3)

This functional form is observed to have the correct lim-
iting behavior for x ~ ~ and x~0.

Due to the very low energy of the excitations, the in-
elastic scattering starts at very large distances from the
surface and, as a result, multiple-scattering events must
be considered. With allowance for multiple-scattering
events at finite temperature the probability for scattering
an incident electron can be obtained from the single-
scattering probability P, (co) as

Here v =6k/m is the velocity of the incident electron,
ap is the Bohr radius, Q, is the maximum parallel wave-
vector transfer allowed by the acceptance angle of the
analyzer, and Im[g (Q~~, co)] is the linear-response func-
tion which describes the energy absorption in the medi-
um. For small loss energies all the inelastic lobe of the
scattered electrons is contained within the analyzer ac-
ceptance angle and thus the upper limit of the integral in
Eq. (1) can be taken to infinity. For the function f (x, 8)
we use a similar approximation to that given by Persson
and Demuth' for 0=60',

P(co)= f dt e ' 'exp f dco'P, (co')[[n(co')+1](e'"'—1)+n(co')(e ' ' —1)I2' (4)

where n (co) is the Bose-Einstein distribution function.
The width of the quasielastic peak may be expressed in
terms of the single-scattering probability without ever
calculating the full multiple-scattering probability in Eq.
(4) by considering the second moment,

&(& )'&=&( —
& &)'&,

where

( co & = f dcocoP (co)

Using Eq. (5), the width of the quasielastic peak may be
obtained from P, (co) as

((b co) & = f dco co n (co)P, (co) . (6)

Assuming a Gaussian line shape of the quasielastic peak
(which is observed experimentally), the FWHM of the
quasielastic peak is then given by I = 81n2 ( ( hco )

Recently, Dubois et al. " showed that a simpler expres-
sion may be obtained for I" by approximating the Bose-
Einstein factor in Eq. (6). Equations (1) and (6) can be
integrated numerically to obtain I, which is the method
used in the present calculations.

A description of the substrate is contained in the

response function Im(g). For a semi-infinite medium the
response function is related to the dielectric function of
the medium e( Q ~~,

co ) as

Im[g (Q„,~)]=Im
—2

1+6 ((, co

For silicon we can describe the intraband excitations in
the conduction band by a dielectric function, '

2
COp

e(co) =ep-
co ( co + 1 /7 )

where so=11.7 is the contribution from interband transi-
tions and the plasmon frequency cop =(4mne /m')'
The relaxation time ~ can be related to the effective mass
m* and the mobility p as ~=pm /e. For silicon the
effective mass m =0.26m, and the mobility p —1200
cm /V sec at carrier densities of n = 1 & 10' cm

The dielectric function in Eq. (8) yields a scattering
probability which is peaked at the surface plasmon fre-
quency cosp = cop /( ep+ 1 ) fol' cospr ) 1, as shown in
Fig. 1. For silicon we observe that at carrier densities
below —10' cm the plasmon frequency is comparable
to the relaxation rate ~ ' and the loss structure becomes
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FEG. 1. Single loss probability for free-carrier excitations in
silicon with a carrier density n =10' cm as a function of
mobility p, ranging from 1200 to 8800 cm /V sec (for Si,
p= 1200 cm /V sec). The electron impact energy equals 6.8 eV
and the angle of incidence equals 60'.

broad and featureless. The scattering probability as a
function of mobility ranging from 1200 cm /V sec,
which is characteristic of silicon, ' to p = 8800
cm /V sec, which is characteristic of GaAs, is shown
in Fig. 1. We see that for GaAs well-defined losses are
predicted and have been observed by Matz and Luth
(the smaller effective mass for GaAs also shifts the losses
to higher energies). In contrast, for silicon the scattering
probability is broad and featureless and should lead in-
stead to a broadening of the quasielastic peak. However,
at higher densities where the plasmon loss energies are
sufticiently high, the loss structure should become ob-
servable outside the quasielastic peak, since cusp~& I for
silicon with carrier densities greater than 10' cm

The dependence of the relaxation rate on the quasi-
elastic peak width, obtained from Eq. (6), is shown in
Fig. 2. As expected from the dependence observed in
the scattering probability, the quasielastic peak width
decreases with increased relaxation rate ~ '. For

'
&cusp (cusp ——2 meV for n =I)& 10' cm ) the rate of

decrease is not significant and hence the temperature
dependence of the mobility gives a negligible contribu-
tion to the temperature dependence of the quasielastic
peak.

The temperature dependence of the quasielastic peak
is discussed in the next section. We point out here that
the approximate temperature dependence may be ob-
tained by taking the w~ oo limit in Eq. (7), where one
then finds the quasielastic peak width I ~ &T. Thus at
sufticient low enough temperatures the quasielastic peak
will be very small in comparison to the instrumental
resolution, and the latter will dominate the measured
linewidth of the quasielastic peak. An extrapolation to
low temperatures may thus be used as a measure of the
contribution of the spectrometer resolution. The tem-

FIG. 2. The dependence of the relaxation rate on the quasi-
elastic peak width for silicon with a carrier density of n =10'
cm at 300 K.
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FIG. 3. The dependence of the quasielastic peak width on
the carrier density for silicon at T=300 K.

perature dependence which is observed in the calculated
quasielastic peak is discussed in Sec. IV.

The magnitude of the quasielastic peak width as a
function of carrier density is shown in Fig. 3. A sub-
stantial peak width of 10—30 meV, which is much larger
than the instrumental resolution of -4 rneV, may be ob-
tained at nominal carrier densities. This explains why
the EELS resolution observed on semiconductors is typi-
cally much poorer than on metal surfaces. The origin of
the broadening of the quasielastic peak on semiconduc-
tors has previously been attributed to various other
mechanisms such as work-function inhomogeneities or
surface roughness. ' However, we observe that the
broadening can easily be explained by the strong multi-
ple scattering of the incident electrons with very-low-
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energy electronic excitations, as observed in the experi-
mental results shown below.

IV. RESULTS
1.0

Si(111)—7x7 T=300 K

A. Quasielastic scattering from Si(111)-7X7

The quasielastic peak for the Si(ill)-7)&7 surface is
shown in Fig. 4 for various impurity concentrations.
The sample temperature is 300 K. The silicon samples
show a measurable broadening of the quasielastic peak
in comparison to the instrumentally limited resolution
observed on nickel (dashed line). In particular, the qua-
sielastic peak shows an increase in width as the
conduction-band carrier density increases. The quasi-
elastic linewidth varies from 14 to 20 meV for the range
of carrier densities shown in Fig. 4.

Figure 5 shows the quasielastic peak for a wider range
of carrier densities. The increase in linewidth at inter-
mediate carrier densities is followed by a decrease in the
quasielastic peak at higher densities. Concomitant with
this decrease is the appearance of a significant amount of
loss intensity in the 20—30-meV region. This behavior is
expected based on the discussion of the plasmon loss
structure for silicon in the last section, where the
plasmon loss moves outside the quasielastic peak at high
enough carrier densities. The asymmetry observed be-
tween the loss and gain regions for the high-density sam-
ple is due to the Bose-Einstein occupation statistics,
where the loss intensity is proportional to n (co)+ I and
the gain intensity is proportional to n (co).

The temperature dependence of the quasielastic peak

0.5
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FIG. 5. A comparison of the quasielastic peak around the
zero-energy-loss region from the Si(111)-7)(7 surface with
high, 4.5 &( 10' cm {solid line); intermediate, 5.6)& 10'
(dotted line); and low, 6.6&10' cm ' (dashed line), bulk im-
purity densities.

is summarized in Figs. 6—8 for various impurity concen-
trations. The peak shape remains Gaussian up to tem-
peratures approaching 1000 K. A comparison is shown
for similar measurements taken on a Ni(110) surface at
the same spectrometer settings. A significant tempera-
ture dependence of the quasielastic peak is observed for
Si, in contrast to Ni where no temperature dependence is
observed. For a fixed temperature an increase in the
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FIG. 4. The measured quasielastic peak around the zero-
energy-loss region from the Si(111}-7X7surface. The solid
lines are the measured linewidths for three different samples
with the following impurity densities: 6.6)& 10', 8.9 & 10",and
5.6)& 10' cm '. The linewidth increases with increasing car-
rier density. The dashed line is a similar measurement from a
clean Ni(110) surface obtained with the same spectrometer
resolution.
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FIG. 6. Temperature dependence of the quasielastic peak
width on the Si(111)-7)&7 surface with bulk impurity concen-
tration of Xd ——6.6&10' cm: clean surface (solid triangle),
surface exposed to 1 L O2 (1 L=10 Torr sec) at 80 K (open
triangle). Temperature dependence of the quasielastic peak
from a clean Ni(110) surface (crosses) is shown for comparison.



9740 JOSEPH A. STROSCIO AND W. HO 36

80

70

E 60

50

Si(111)—7x7

&„=8.9x10 cm

0 40
CL

300
M

20
(3

~t~0
~

~yO
Ni(1 10)

10 ++ + ++++++++++++++++

200 400 600 800
Temperature (K)

1000

FIG. 7. Temperature dependence of the quasielastic peak
width on the Si(111)-7&7 surface with bulk impurity concen-
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(solid circle}. Temperature dependence of the quasielastic peak
from a clean Ni(110) surface (crosses) is shown for comparison.

quasielastic peak width is observed for increased impuri-
ty concentrations, similar to that observed in Fig. 4.
Also shown in Figs. 6 and 8 is the effect of oxygen ad-
sorption on the quasielastic peak width. For the nearly
intrinsic sample in Fig. 6, the peak width is virtually di-
minished at low temperatures to that given by the in-
strumental resolution. For the higher doped sample in
Fig. 8, the effect of the oxygen is to decrease the quasi-
elastic peak width, but with a finite-temperature-

dependent linewidth broadening which persists above the
instrumental resolution.

B. Depletion-layer model

where V, is the magnitude of the surface barrier poten-
tial shown in Fig. 9. Within this approximation we can
simulate the semiconductor surface using a three-layer
model composed of vacuum, depletion layer, and sub-
strate. The depletion layer is taken as a uniform slab of
thickness d and dielectric constant e, =co on top of a
substrate with dielectric constant e„given by Eq. (8).
The effective dielectric function for this three-layer mod-
el is given by '

1+b, exp( —2Qiid)
(10)

where A=(eb —e', )/(eb+e, ). Equation (10) can then be
used to obtain the response function in Eq. (7) and the

An understanding of the quasielastic scattering from
the Si(111)-7)&7 surface must include the inhomogene-
ous carrier density in the surface region due to band
bending. The presence of the high density of surface
states in the band gap for the Si(111)-7& 7 pins the Fer-
mi level at approximately P =0.5 eV below the
conduction-band edge. ' The resulting band bending
and carrier concentration in the near-surface region,
which is schematically shown in Fig. 9, can then be ob-
tained from a solution of Poisson's equation with the ap-
propriate boundary conditions. For large surface bar-
riers, a solution to Poisson's equation yields a depletion
width given approximately by

1/2
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FIG. 8. Temperature dependence of the quasielastic peak
width on the Si(111)-7&7 surface with bulk impurity concen-
tration of Nd ——5.6&10' cm: clean surface (solid squares),
exposed to 1 L 0& at 80 K (open triangles). Results from a
clean Ni(110) surface (crosses) are shown for comparison.

FIG. 9. Schematic diagram of band bending at a semicon-
ductor surface and the resulting conduction-band carrier densi-
ty normal to the surface.
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width of the quasielastic peak via Eqs. (1) and (6). The
above approximation treats the carrier density as chang-
ing abruptly in the depletion layer. More sophisticated
calculations have been made for the varying carrier den-
sity profile and single-scattering loss functions at semi-
conductor surfaces. The three-layer model is used
here for its simplicity in describing the essential physics
of the semiconductor surface and the ease with which it
can be incorporated in the multiple-scattering theory.
As shown below, this model successfully accounts for
the scattering from depletion layers on n-type silicon
surfaces.

For the Si(111)-7X 7 there are two contributions to the
quasielastic peak, as is evident from the scattering ob-
served on the nearly intrinsic material shown in Fig. 6.
In this case, the quasielastic peak broadening has been
attributed to excitations within the metallic surface-state
band on the Si(111)-7X7surface. " This reasoning fol-
lows from the sensitivity of the scattering to very low
coverages of adsorbates. For the present discussion we
treat this as a background in our measurements and take
the loss function as a sum of two terms given by

g)surface stare+™(g)conducrion band

This separation is in agreement with the observed behav-
ior of the quasielastic peak with exposure to oxygen (see
Figs. 6 and 8) which is discussed below.

The temperature-dependent broadening given by the
first term in Eq. (11) has been previously described by
Persson and Demuth. ' This is fit to the low-
temperature data for the intrinsic clean sample, as in
Fig. 6. A value for the fitting parameter P=0.07 meV
(Ref. 25) is obtained, which is shown by the dashed line
in Fig. 10. To describe the larger linewidths on the
higher doped samples we consider the additional contri-
bution due to excitation of free carriers in the conduc-
tion band. We may take as an unknown parameter the
depletion width d and compare the measured linewidth
with the calculated quasielastic peak width as a function
of d, as shown in Fig. 11. The dashed curve in Fig. 11
shows the peak width due to conduction-band excita-
tions. We observe that the peak width decays exponen-
tially with a decay length which is inversely proportional
to the surface-plasmon frequency. ' The solid line has
the added surface state and instrumental broadening
convoluted in, which can be compared with experiment.
From Fig. 11, we obtain a depletion-layer thickness of
1050 A for the 5.6& 10' cm impurity-doped sample.
A similar calculation is shown in Fig. 12 for the
8.9)& 10' cm ' doped sample. The lower carrier densi-
ty, and hence plasmon frequency, compared to the
5.6 X 10' cm sample yields a more slowly decaying
peak width as a function of depletion-layer depth. A
comparison with experiment gives a depletion depth of
1900 A for this lower doped sample. These values com-
pare favorably with the values estimated from Eq. (9) us-
ing the Fermi-level pinning deduced from photoemis-
sion. For example, with a pinning position at 0.53
eV below the conduction-band edge, Eq. (9) yields a
depletion-layer thickness of 920 A for a carrier concen-
tration of 5.6)& 10' cm . Alternatively, one could use
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FIG. 11. The calculated quasielastic peak width as a func-
tion of depletion-layer thickness for T= 300 K and
n =5.6& 10' cm (solid line) is due to contributions from the
conduction band (dashed line), the surface state, and the 8-meV
instrumental broadening. A comparison with the experimen-
tally measured peak width (solid square) for n =5.6 &( 10'

0
cm ' yields a depletion-layer thickness of 1050 A.

FIG. 10. A comparison of measured and calculated quasi-
elastic peak width for the constant depletion-layer model. The
measurements are for the bulk impurity concentrations of
6.6&& 10' (solid triangle), 8.9&& 10" (solid circle), and 5.6~ 10'6
cm ' (solid square). The dashed line shows the calculated
linewidth due to surface-state excitations with P=0.07 meV
(Ref. 10). The upper two lines are obtained with the additional
contribution from conduction-band carriers, with densities
equal to the bulk values, and with depletion-layer depths of
1900 and 1050 A, respectively.
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the derived value of the depletion width to deduce the
pinning position of the surface Fermi level.

The depletion-layer model can account for the full
temperature dependence observed for the quasielastic
peak. The various contributions to the temperature
dependence of the quasielastic peak are shown in Fig.
13, assuming a temperature-independent depletion-layer
thickness. For the range of temperature below -400 K
the observed temperature dependence of the quasielastic
peak width for the clean surface (solid squares) is well
accounted for. In addition, we show in Fig. 13 the con-
tribution due solely to the conduction-band excitations,
which fits the data observed on the oxygen-covered sur-
face (open squares) well. The difference between the
clean and oxygen-covered linewidths is the inclusion of
the surface-state term for the clean surface data, which
is derived from the measurements in Fig. 10. The sepa-
ration of the loss functions in Eq. (11) is thus justified;
the surface-state excitations are quenched with exposure
to oxygen. The same effect is observed with minute
amounts of hydrogen adsorption. '

Similar calculations for the temperature dependence of
the quasielastic peak for the 8.9&&10' cm sample is
shown in Fig. 10, which summarizes results for the three
samples. Deviation from the calculated linewidths in
Fig. 10 can be observed for temperatures above 400 K,
due to the assumption of a constant depletion-layer
thickness. An examination of Eq. (9) shows this to be
incorrect, as both the carrier density n and the surface
barrier V, are temperature dependent. We consider both
these. effects in the following section.

Surf;&ce St;lte

0
0

I

100 200 300 400 500

C. High-temperature behavior

The strong temperature dependence observed in the
data in Figs. 6—8 is due to thermal generation of free
carriers, as can be seen by examining the temperature
dependence of the carrier density which is given by

n ( T) = —,
'

I [(Nd N, ) +4n, ]
' + (Nd —N, )]—(12)

where Nd and N, are the concentration of donor and ac-
ceptor impurities and where the intrinsic carrier density
1s

n, ( T)= [Nc( T)Nv( T)]'~ e (13)

where N& and N~ are, respectively, the effective
conduction- and valence-band densities of states which
are proportional to T . The energy gap for silicon is
given to linear order in T by'

E (T)=EO —4. 15&&10 T (eV),

where EO=1.21 eV. The linear coefficient in the gap en-
ergy thus changes the prefactor in Eq. (13) and the in-
trinsic carrier density is thus observed to follow the rela-
tion' '

Teinper;lture (k)
FIG. 13. A comparison of the measured and calculated

temperature-dependent quasielastic peak width: clean surface
(solid squares), surface exposed to 1 L Oz at 80 K (open
squares). The dashed line shows the width derived solely from
the surface-state contribution while the dotted line shows the
width solely from the conduction band. The upper solid line is
obtained from combined contribution to the width from the
surface state, conduction band, and instrumental resolution.
The lower solid line through the open squares is the combined
contribution from the conduction band and instrumental reso-
lution.
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3/2 —l. 21 ev/2k~ Tn;(T)=3.73X10' T e cm (15)

Figure 14 shows the carrier density given by Eq. (12) for
various impurity concentrations in n-type silicon. At
low temperatures the carrier density is simply equal to
the density of impurities which are fully ionized. At
sufticiently low temperatures carrier freeze-out will occur
where the density decreases below the impurity concen-
tration, which is not shown in Fig. 14 (this occurs below
—80 K for 10' cm ). The transition between the ex-
trinsic and intrinsic behavior at low and high tempera-
tures is clearly seen in Fig. 14. With increased impurity
concentration the transition to intrinsic behavior occurs
at progressively higher temperatures. Precisely the same
behavior is observed in the quasielastic peak width,
shown in Figs. 6—8, where the rapid increase in width
occurs at progressively higher temperatures with increas-
ing impurity concentrations. Our previous analysis
demonstrated that this behavior could be accounted for
by a temperature-dependent carrier density given by Eq.
(12) with, however, a lower activation energy of 1.07 eV
compared to the expected 1.21 eV, as indicated in Eq.
(15).

An additional factor to consider in accounting for the
high-temperature behavior is the decrease in the surface
potential V, due to the shift of the bulk Fermi level to
midgap as the temperature increases. ' The position of
the Fermi level (more correctly the chemical potential) is
determined by the equilibrium carrier statistics and is
given by

tion eV, =Q —(E, E—F) (see Fig. 9). The temperature
dependence of V, thus results from the temperature
dependence of the Fermi level. The pinning position P is
weakly temperature dependent due to the decrease in the
band gap with increasing temperature. " The full tem-
perature dependence of the surface potential is used to
account for the temperature dependence of the quasielas-
tic scattering, as shown below.

The pinning position at the surface can be extracted
from the temperature dependence of the depletion layer,
which can be obtained for each measured quasielastic
peak width at a given temperature, as described in Sec.
IVB. The full temperature dependence of the carrier
density [Eqs. (12)—(14)] is included to give the correct
dielectric function in Eq. (8). Figure 15 shows the tem-
perature dependence of the depletion layer obtained by
this method for the clean surface data shown in Fig. 7.
A fit to the deduced temperature dependence of the de-
pletion layer can be obtained from Eq. (9), including the
temperature dependence of the surface potential V, and
the carrier density n. A best fit to the results in Fig. 15
is obtained with a pinning position of 0.58 eV below the
conduction-band edge at 300 K, and is shown by the
solid line. The temperature dependence of the surface
potential is observed to give rise to the initial decrease in
the depletion layer with temperature, whereas the tem-

Nd —N,' =2sinh[p(EF FF, )], —
n,

(16)
& ()()()— 15 ' -3= H. ') x 1() en&

d

where EF; is the intrinsic Fermi level taken to be midgap
in the bulk. The surface potential V, in Eq. (9) can be
determined from the position of the bulk Fermi level EF
and the pinning position P at the surface from the rela-
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FIG. 14. The conduction-band carrier density [given by Eq.
(121] as a function of temperature and various impurity concen-
trations, 10', 10', 10', and 10' cm
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FIG. 15. Temperature dependence of the depletion-layer
width, as deduced from the quasielastic peak width shown in
Fig. 7 (solid circles), and calculated from Eq. (9) with a
temperature-dependent carrier density and surface potential
obtained from Eqs. (12) and (16) (solid line). The surface
Fermi-level position is pinned at 0.58 eV below the
conduction-band edge at 300 K. The error bar in the depletion
width is due to an uncertainty of +1 meV in the quasielastic
width.
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perature dependence of the carrier density causes the de-
crease in d for temperatures above 600 K. The success
of the previous fit to the data in Fig. 10, assuming a con-
stant d at low temperatures, is due to the finite contribu-
tion from the spectrometer resolution which limits the
accuracy to which the linewidths can be measured. This
can be seen by the scatter in the results in Fig. 15 at low
temperatures where the relative contribution of the in-
strumental resolution is the largest. This scatter results
from the slow decay in linewidth versus depletion width
discussed above (see Fig. 12). A +1 meV change in
linewidth results in +800 A change in depletion width at
300 K, as indicated in Fig. 15. An overall decrease in
the depletion width is still apparent in the data in Fig.
15 and agrees with the expected temperature dependence
of d.

The eA'ect of various functional forms for the tempera-
ture dependence of the depletion width on the tempera-
ture dependence of the quasielastic peak width is shown
in Fig. 16. The dashed line is the calculated result for a
constant depletion width, which is the result shown in
Fig. 10, and clearly does not agree with the data at high
temperatures. The good agreement with the solid line is
based on the fit obtained in Fig. 15, including a thermal
activation of carriers given by Eqs. (12)—(14) and also

80

70—
N =8.9x

d

the temperature dependence of the surface potential with
a Fermi-level pinning position of 0.58 eV. The dash-
dotted curve shows the result with the carriers thermally
activated but with d constant, which also fails to ac-
count for the high-temperature data. Similarly, the dot-
ted curve shows the result including the temperature
dependence of d without thermal activation of carriers
(i.e. , only including the temperature dependence of V, ).
Clearly, this does not account for the high-temperature
behavior, and thermal activation of carriers is the dom-
inant mechanism for the large linewidths observed at
high temperatures. This is in contrast to the recent re-
sults observed on the GaAs(100) surface, " which is most
likely due to the larger band gap in GaAs (1.4 eV), and
thus higher temperatures, above 900 K, are necessary
before thermal activation makes a dominant contribu-
tion to the quasielastic scattering.

The surface pinning position determined from the data
in Fig. 7 should also account for the data observed on
the higher doped sample in Fig. 8, since the pinning po-
sition should be relatively invariant with impurity con-
centration. Figure 17 shows a fit to the quasielastic
scattering for the 5.6&10' cm sample, using the pin-
ning position of 0.58 eV below the conduction-band
edge. As shown in Fig. 17 the fit accounts for the ob-
served data without any additional adjustment of the pa-
rameters in the calculation. The dashed line in Fig. 17 is
calculated using a pinning position of 0.63 eV, which
shows the sensitivity of the fit to the choice of pinning
position P.
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FIG. 16. A comparison of the measured quasielastic peak
width with calculations for different temperature dependence
of the depletion layer and carrier density. The data for the
8.9&10" cm ' impurity concentration is shown by the solid
circles. Results for the calculations are for constant depletion
layer and carrier density (dashed line), temperature-dependent
carrier density and constant depletion layer (dot-dashed line),
constant carrier density and temperature-dependent depletion
layer (dotted line), and temperature-dependent carrier density
and depletion layer given by the solid line in Fig. 15 (solid
line). The Fermi-level pinning position /=0. 58 eV.
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FIG. 17. A comparison of the temperature dependence of
the measured quasielastic peak width (solid squares) and the
calculated quasielastic peak width using the same pinning posi-
tion /=0. 58 eV (solid line) as deduced from Fig. 16. The
dashed line shows the calculated quasielastic peak for /=0. 63
eV. The impurity concentration is 5.6& 10' cm
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In conclusion, we have shown that an analysis of the
quasielastic scattering from the Si(111)-7X 7 surface can
yield information on the surface space-charge layer. We
find that a pinning position of the surface Fermi level at
0.58 eV below the conduction-band edge can account for
the observed temperature dependence of the quasielastic
scattering on samples with various impurity concentra-
tions. From measurement of the quasielastic peak the
temperature dependence of the depletion layer at the
surface can be extracted. The dramatic increase in the

quasielastic peak width at high temperatures is found to
be due to scattering from thermally activated free car-
riers in the conduction band.
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