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Electron-energy-loss study of the space-charge region at semiconductor surfaces
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We derive a simple but general formula which describes the width of the quasielastic peak in in-

elastic electron scattering from doped semiconductors and which is used to analyze the space-charge
region at the GaAs(100) surface. The analysis shows that the Fermi level at the surface is pinned
0.8 eV below the conduction-band edge in the absence of any metal or oxide overlayer and that the
free-carrier concentration in the near-surface region can be readily reduced from the bulk value.

This reduction is caused by the surface preparation (sputtering and annealing) which introduces ac-
ceptor point defects in this region of the GaAs crystal.

I. INTRODUCTION II. THEORY

Considerable interest exists in the near-surface proper-
ties of semiconductor crystals. It has recently been
demonstrated that useful information about the space-
charge region and the Fermi-level pinning position can be
obtained from high-resolution electron-energy-loss (EELS)
measurements. Thus in the work by Matz and Liith' and
by Dubois and Schwartz, information about the space-
charge layer at GaAs surfaces was deduced from a study
of the variation of the surface-plasmon frequency with
bulk doping level. In many cases, however, it is difficult
to resolve the low-energy surface-plasmon resonance due
to the tailing of the elastic scattering peak. In other cases,
e.g. , for Si, the surface plasrnon is overdamped and does
not give rise to a sharp peak in the loss spectrum. Recent-
ly, however, Stroscio and Ho were able to probe the
space-charge region at the Si(111)-(7)&7)surface by study-
ing the temperature dependence of the width of the
quasielastic peak. Indeed, this latter approach constitutes
a very general and accurate method for probing the
space-charge region of any semiconductor surface. The
only requirement is that the surface-plasmon resonance
frequency be much smaller than the width of the quasie-
lastic peak which, of course, can be satisfied by working
with lightly doped semiconductor crystals.

It is the aim of the present work to carry the study of
Stroscio and Ho further by deriving a simple but general
formula which describes the temperature dependence of
the width of the quasielastic peak. As an illustration, we
present an analysis of experimental data obtained for
GaAs(100) which shows that the Fermi level at the sur-
face is pinned 0.8 eV below the conduction-band edge. In
addition, we demonstrate that the free-carrier concentra-
tion in the vicinity of the surface can be readily manipu-
lated by sputtering and annealing the sample. This pro-
cedure introduces acceptor traps in the near-surface re-
gion of the GaAs crystal which can compensate the excess
charge from n-type dopants.
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For a polar semiconductor such as GaAs there will be an
additional contribution to the dielectric function from op-
tical phonons:
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For most polar semiconductors cu To-30 meV, so that if
we study the quasielastic peak for, say

~

co
~

&10 meV,
then (4) reduces to (1) to a good approximation, i.e., the
optical phonons are not directly involved except that they
give a contribution (eo —e„) to the static dielectric func-
tion.

Most semiconductor surfaces have a large density of
states occurring in the bulk band gap. These surface
states either are intrinsic or caused by impurities (e.g. , ad-
sorbed gases) and/or lattice imperfections (e.g. , steps or
vacancies) at the surface. In either case, the Fermi level
will be pinned at the surface. The mobile carriers will
then rearrange themselves in the surface region of the
semiconductor crystal in such a way as to set up an elec-
trostatic potential which bends the valence and conduc-
tion bands in the vicinity of the surface, making the Fer-

The dielectric function of a homopolar semiconductor
such as Si can, when fico «Eg (where Es is the band gap),
be written as

2
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E(to) =Eo —'
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where eo is the contribution from interband transitions.
The plasrnon frequency cuz and the Drude relaxation time
r can be related to the free-carrier concentration n, the ef-
fective mass m*, and the mobility p via

co =4~ne /m'
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mi level equal everywhere [see Fig. 1(a)]. In the so-called
depletion-layer approximation, one assumes that a layer of
thickness 8' exists at the surface which is fully depleted
of free carriers [see Fig. 1(b)]. By solving Poisson's equa-
tion, one can easily show that

(0)

AND

W=(cop/2~ne )'~

where P is the surface potential energy barrier [see Fig.
1(a)]. Within this model, the dielectric properties of the
semiconductor crystal are represented by those of a uni-
form slab with dielectric constant ep and thickness 8' in
contact with a semi-infinite substrate with a dielectric
function given by Eq. (1).

Assume now that a monochromatic beam of electrons
(energy Eo and angle of incidence a) is incident on the
crystal. In the so-called dipole scattering theory, which
always gives the dominant contribution to the scattering
cross section for small loss energies, the single scattering
"probability" P, (ro) is given by
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FIG. 1. (a) Band bending at a semiconductor surface; P is the
barrier height. (b) The free-carrier concentration n(z) in the
depletion-layer approximation. 8' is the width of the depletion
layer; n (z) =0 for 0&z & W and n (z) =n for z & 8; where n is
the bulk free-carrier concentration.

In this expression, a p is the Bohr radius,
Ep ——A k /2~ =IU /2 is the kinetic energy of the in-
cident electrons, and Img (q~~, co) is a linear-response func-
tion which describes the energy absorption in the medi-
um. ' For the three-layer model described above
(vacuum-depletion layer-substrate), Mills has shown that

1
Img = —2 Im

1+@
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where ro =co& /+2Eo.

The scattering probability, P, (ro), only accounts for sin-
gle scattering, i.e., the incident electron is assumed to
scatter inelastically from the substrate at most once. The
full multiple scattering probability P(ro) can be obtained
directly from P, (ro) as has been shown elsewhere. ' In
particular, the second moment

(Co &
= f droroP(co),

can be obtained from P, (ro) via

((b,ro) &
= f de 2ro n P, (ro) .

[Here, we have neglected a temperature-independent con-
tribution to ((b,co) & which is of no direct interest in the
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FICi. 2. The function F [see Eq. (14)]. The angle of incidence
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n = [ exp(fico/kz T)—1] ' =kii T/fico . (12)

present context. ]
We now assume that the temperature is so high (or al-

ternatively that the loss energy A'co is so small) that we can
approximate the Bose-Einstein factor n by its high-
temperature limit ka ThcospI" =128.6 F(a, cor, g) .

(eo+ I) cosa Eo
(13)

some simplification, the linewidth I [full width at half
maximum (FWHM); the line profile is assumed to be a
Cxaussian so that I =81n2((b, co) )]:

Substituting Eqs. (6)—(10) and (12) in (11) gives, after iiito, zfitoz/+eo+ 1 and Eo is measured in electron volts,
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In principle, F depends not only on a, cor, and g but also
on ep. This dependence is so weak, however, that it can be
neglected (F fluctuates only a few percent as eo changes
from 3~oo). The function F is shown in Fig. 2 for
a=60'. Equation (13), together with the curves in Fig. 2,
are the main results of this section. In Sec. IV, we use
this equation and Fig. 2 to analyze EELS data obtained
from Si(111)-(7X7)and GaAs(100) surfaces.

Surface cleanliness and order were routinely checked by
Auger electron spectroscopy and low-energy electron dif-
fraction (LEED) prior to performing the EELS measure-
ments.

Sample temperatures were measured using a Cr-Al
thermocouple pressed against the front surface of the
crystal with a tantalum spring clip. The temperature did
not vary more than +1 K during the recording of each
EELS spectrum. The quasielastic peak full width at half
maximum could be measured to within 0.2 meV; the mea-
sured results were reproducible to within 1 meV.

IV. RESULTS AND DISCUSSION

III. EXPERIMENTAL PROCEDURE

The high-resolution electron-energy-loss spectrometer
consists of two 127' cylindrical sectors similar to the
design of Sexton. " The angle and energy of the incident
electron beam were held fixed at 60' and 5 eV, respective-
ly, and only electrons scattered within —1.5' of the specu-
lar direction were collected. Typical maximum count
rates were 5& 10 counts/sec with an overall resolution of
5.5 meV (full width at half maximum of the elastic-
scattering peak). The spectrometer was housed in a dif-
fusion and titanium sublimation-pumped ultrahigh vacu-
um (UHV) chamber which was operated at (1—2) X 10
Torr during data collection.

Polished, Te-doped (8 X 10' cm ) (100)-oriented
GaAs wafers were obtained from Cambridge Instruments
and etched in 1:1 HF:H2Q prior to introduction into the
ultrahigh vacuum chamber. Approximately 1-cm sam-
ples were cut from the center of the wafer and mounted
on a small temperature-controlled molybdenum block.
Samples could be heated to over 1000 K by a noninduc-
tively wound filament or cooled to 120 K via copper
braids attached to a small liquid-nitrogen reservoir. Clean
surfaces were prepared by 500-eV neon-ion bombardment
at room temperature followed by annealing at —850 K.
Preparation conditions are discussed in the next section.

r =19.4 —13.9 =183 mev (16)

For n =5.6X 10' cm, eo ——11.7, and the effective mass
m *=0.26m„we determine that

~,„=4.8 meV . (17)

Substituting these values into Eq. (13) with Eo ——6.8 eV
and &x=60' gives F=0.19. The mobility of electrons in Si
at T =300 K is' —850 cm /V sec so that

7= 1 26& 10 ' sec and &7=0.64 .

Using Fig. 2 with F=0.19 and cow=0. 64 gives /=0. 74

Before analyzing our new experimental data, let us
briefly consider the results of Stroscio and Ho on
Si(111)-(7X 7). They performed EELS measurements on
As-doped silicon crystals (n =6.6X 10, 8.9X10', and
5.6X10' cm ) over a large temperature interval 40
& T & 900 K. Here, we focus on only the T=300-K data.
The width of the quasielastic peak from an essentially un-
doped (n =6.6X10' -cm ) Si crystal was found to be
13.9 meV. For the n =5.6 & 10' -cm crystal, they
found the linewidth to be 19.4 meV. Hence, assuming
that both peak profiles are well approximated by Gauss-
ians, the instrumental contribution to the linewidth can be
removed by
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2 }42 5 52 168 meV2 (18)

Using an analysis identical to that for silicon except with
eo ——12.85 and m*=0.067m„one finds that F=0.062.
The measured mobility of our sample is 4180 cm /V sec
so that co~ becomes =1.9. Using these values in Fig. 2,
gives /=2. 2 and from Eq. (15) we get /=0. 81 eV. This
value for the Fermi-level pinning position is very close to
that measured by other techniques whether in the pres-
ence' or absence' ' of any metal overlayer (i.e., this is an
intrinsic property of GaAs). We note that the GaAs(100)
surface can form a large number of reconstructed phases
of varying stoichiometry, ' but these in no way effect
the results discussed here since we are probing the
near surface re-gion of the sample (10 —10 -A deep ).

and from Eq. (15) we get /=0. 48 eV. The depletion layer
thickness calculated from Eq. (5), 1040 A, agrees well
with both the results of Stroscio and Ho (1050+150 A)
and with other experimental data [photoemission mea-
surements show that the Fermi level is pinned 0.53 eV
below the conduction-band edge at the Si(111)-(7X7)sur-
face'3].

Let us now turn to the somewhat more complicated,
but also more interesting, case of GaAs(100). Figure 3
shows the temperature dependence of the full width at
half maximum of the quasielastic peak from Te-doped
(8 X 10' cm ) GaAs(100). This sample was prepared by
mild sputtering followed by annealing at 850 K for 60
min. At room temperature the measured width is on the
order of 14 meV so that

The dashed line in Fig. 3 is obtained from Eq. (13)
making the incorrect assumption that all terms are tem-
perature independent. Despite these simplifying assump-
tions, the fit to the data with no adjustable parameters, is
quite good.

Figure 4 shows the temperature dependence of the
quasielastic peak FWHM for a Te-doped GaAs(100) sam-

ple which has been extensively sputtered and annealed
(sputtering, 500 eV, 10 pA/cm, 60 min; annealing, 850
K, 60 min). The measured full width at half maximum in
Fig. 4 is significantly narrower than that of Fig. 3 at all
temperatures. At 300 K the quasielastic peak has a width
of 10.2 meV and therefore I =74 meV . F is now equal
to 0.03, a value approximately one-half that deduced from
the experimental data in Fig. 3. g is then increased to
over 3.1 and the barrier height [calculated from Eq. (15)]
becomes an unreasonable 1.61 eV (i.e., greater than the
bulk band gap).

Since, according to Eq. (13), 1 -co, —Vn, this
discrepancy in F can be explained if one assumes that the
effective carrier concentration in the near surface region
of the sample in Fig. 4 is reduced by a factor of —

4 from
the bulk level. Indeed, a decrease in the near-surface
free-carrier concentration is expected for GaAs as a result
of sputtering and annealing. ' Extensive sputtering
creates lattice imperfections (e.g. , As or Ga vacancies or
interstitials) in a thin layer at the surface and during the
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FIG. 3. The width of the quasielastic peak as a function of
temperature. The GaAs(100) surface (Te-doped, 7.8 & 10'
cm ) is sputtered for less than 30 min. The dashed curve is a
plot of Eq. (13) assuming all terms are temperature independent.

FIG. 4. The width of the quasielastic peak as a function of
temperature for a GaAs(100) surface sputtered and annealed for
1 h. The near-surface free-carrier concentration is reduced to
-2)&10' cm '. The dashed curve is a plot of Eq. (13) assum-
ing all terms are temperature independent. The dot-dashed
curve takes into consideration the effects of thermally excited
free carriers while the solid curve considers all effects including
temperature induced changes in band bending (Fig. 5).
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annealing process some of these will diffuse into the bulk
of the semiconductor and trap free carriers. If this as-
sumption is made, then F increases by a factor of 2 and
the Fermi-level pinning position remains at 0.8 eV below
the conduction-band edge (the value determined above and
measured at all clean or metallized GaAs surfaces' ' ).
We also measure a similar value on samples which have
been annealed for 1 h, but not sputtered. In this latter
case, trace carbon and oxygen impurities remain on the
surface. The presence of such impurities and/or surface
defects or traps has little consequence on the results re-
ported here due to the long probing depth of the incident
electron beam .

Although the theory described above is based on a
three-layer model (vacuum-depletion layer-substrate), it
may be applied when the acceptor point-defect concentra-
tion profile varies spatially in the near-surface region.
The necessary condition, however, is that the free-carrier
concentration vary slowly over the decay length of the sur-
face plasmons. In the present case this requires
n ( W) =n (2 W). The concentration profile of point de-
fects (in this case acceptors) after annealing can be written
as

N„(z) =Me (19)

where 3 —1/t and 1=/4Dt. The diffusion constant D
at the annealing temperature T=850 K has been mea-
sured' to be D=10 A /sec. Thus after —1 h of anneal-

ing, i=40000 A. Hence we get, with 8 =2000 A,

Ng ( W) Nq(2W)—
Ng ( W')

(20)

i.e., the carrier concentration profile varies only 1% for
8' & z & 28' and the three-layer model can be used.

The dashed line in Fig. 4 was obtained from Eq. (13) as-
suming n =2 X 10' cm ( 4 of the bulk value). Again,
all of the terms in this equation were assumed to be tem-
perature independent. For T) 500 K, the experimental
data show a stronger temperature dependence than
predicted theoretically. Influenced by the work of Stros-
cio and Ho, we initially suspected that this was due to an
increase in the free-carrier concentration as a result of
thermally excited electron-hole pairs (electrons excited
from the valence band to the conduction band). This con-
tribution is easily calculated, using the following equation
for the concentration of free carriers

also been included in this calculation. We note that the
exact value of co~ is not very important in the present con-
text since varying co~ by a factor of 0.5—2 only leads to
small changes in I' (see Fig. 2). Finally, the small, but fi-
nite, temperature dependences of eo (Ref. 21) and m*
(Ref. 20) have been included for completeness. It is clear
from Fig. 4 that thermally excited carriers give a negligi-
ble contribution to the linewidth for temperatures below
-900 K.

For GaAs, we have found that the main contribution to
the width of the quasielastic scattering peak at elevated
temperatures comes from the fact that as the temperature
increases, the Fermi level in the bulk moves towards
midgap. This is indicated in Fig. 5 and can be expressed
as

X,
E, —EF =kg T ln

ND —N
(23)

where N, =4.7X 10' (T/300 K)' cm . Since the Fer-
mi energy is pinned close to midgap at the surface, an in-
crease in temperature will result in a decrease in band
bending and hence a decreasing width of the depletion
layer. A qualitatively similar conclusion was reached by
Stroscio and Ho on Si(111)-(7X7). For example, on
GaAs as T increases from 300 to 900 K, 8'changes from
2230 A to 1360 A. This temperature increase results in a
stronger electron —surface-plasmon coupling and therefore
in a larger broadening of the quasielastic peak. Indeed,
the full line in Fig. 4 has been calculated with the same
parameters as above, except that P and hence g now vary
with temperature (P is taken from Fig. 5). Now that all of
the important contributions have been taken into effect,
the agreement between theory and experiment is excellent.
The effects of all of these temperature-dependent terms
are much less on the sample in Fig. 3 due to its higher
free-carrier concentration (the dashed curve in this figure
is shifted up only slightly).

From the above it is clear that high resolution EELS is
a very sensitive technique for studying variations in the

n = —, I (Np N„)+ [(Np —Ng—) +4ng ]' (21)

where ND —Nz is the difference in the concentration of
donor and acceptor impurities (2&(10' cm is assumed
in the present case) and where

0.2
E

0

0 2

-0 4

PINNING POSITION AT THE SURFACE

n; =QN, N„e (22)

duction and valence band, respectively. The dash-dot
curve in Fig. 4 shows the temperature dependence of the
linewidth using this formula for the free-carrier concen-
tration. The temperature dependence of the electron mo-
bility (p —1/T) (Ref. 5) and hence of ter (~w- I/T) have

TEMPERATURE (K)

/

i

100 200 300 400 500 em 700 800 900

FIG. 5. The temperature dependence of the band gap and
Fermi-level position for a ND —N& ——2&&10' doped GaAs crys-
tal.
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are seen for undoped samples (Fig. 6, lower curve) clearly
indicating that all of the free carriers in the near-surface
region have been trapped. Indeed the solid curves were
calculated with XD &Xz at 300 K.
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surface free-carrier concentration of doped semiconduc-
tors. Additional examples are provided in Fig. 6. If a
heavily doped GaAs sample is sputtered and annealed
long enough, so many trapping point defects are generated
that no free carriers are left in the near-surface region of
the crystal. The quasielastic peak linewidth should then
become temperature independent. That this can happen is
clearly shown in the upper portion of Fig. 6. In this case
a Te-doped GaAs(100) sample was sputtered for -2 h
and then annealed at —850 K for 1 h prior to recording
the EELS spectra. The resolution of the system is now on
the order of 13 meV due to surface roughness induced by
the long sputter-annealing cycle. A temperature depen-
dence to the linewidth is seen only above approximately
700 K due to the effects discussed above. Similar results

FIG. 6. The width of the quasielastic peak as a function of
temperature for an extensively sputter annealed Te-doped
GaAs(100) crystal, ~, and for an undoped sample, A. A tem-

perature dependence is only seen above -700 K. The solid
curves were calculated assuming ND &N& at 300 K.

V. CONCLUSIONS

Equation (13) together with Fig. 2 provide a simple, yet
accurate, method for calculating the temperature-
dependent linewidth of the quasielastic scattering peak
from both polar and nonpolar semiconductor surfaces.

For the case of Si(111)-(7X 7) the band-bending and
Fermi-level pinning position agree very well with the
values deduced by Stroscio and Ho. They are also in
good agreement with photoemission data. The advantage
here is the simplicity with which the calculations can be
done. We concluded that a negligible number of acceptor
traps have been introduced beyond the depletion layer re-
gion (i.e., for z ~ W) during surface preparation (sputter-
ing and annealing). Alternatively, the diffusion of traps
at the annealing temperature is so high that n„,~ is effec-
tively zero in the near surface region.

For GaAs(100) we deduce, at room temperature, a
Fermi-level pinning position -0.8 eV below the
conduction-band edge in the absence of any metal or oxide
overlayer. The surface preparation (sputtering and an-
nealing) introduces acceptor traps in the near-surface re-

gion of the GaAs crystal but does not change the Fermi-
level pinning position. The trap concentration depends on
how extensive the surface is sputtered and annealed but is
typically in the range of 10' —10' traps/cm .

Using high-resolution EELS it may be possible to deter-
mine the diffusion coefficient of these near-surface trap-
ping centers. By performing EELS measurements as a
function of the annealing time, one can deduce the time
variation of the free-carrier concentration in the near-
surface region and hence draw conclusions about the dif-
fusivity of point defects.
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