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Scanning tunneling microscopy and spectroscopy of semi-insulating GaAs
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We report on atomically resolved scanning tunneling microscopy images and tunneling spectra of~110!
cleavage surfaces of semi-insulating GaAs without illumination at room temperature. With help of simple
model calculations we extract the physical mechanisms involved in the tunneling processes from and into
semi-insulating GaAs. Atomically resolved images can only be observed at negative voltages, while no tun-
neling into empty states is possible without illumination. This is explained, on the one hand, by the absence of
a carrier inversion at the semiconductor surface without illumination under the nonequilibrium tunneling
contact conditions. On the other hand, at negative voltages in the noncontact mode an accumulation at the
surface occurs and leads to tunneling of electron from the valence band states into the empty tip states. This
current is limited by the tunneling through the vacuum barrier and the scanning tunneling microscopy images
are found to show the occupied dangling bond states above the arsenic atoms. In the point contact mode the
current is limited by tunneling through the space charge region without and with illumination. The implications
of the results for the investigation of low-conductivity materials by scanning tunneling microscopy are
discussed.
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I. INTRODUCTION

Semiconductor heterostructures and devices are
quently grown on or implanted in semi-insulating substra
or may contain semi-insulating layers in order to electrica
decouple different active areas on the same chip. For a
ther optimization of such devices, it is desirable to achie
an atomically resolved analysis of the entire device struc
including the semi-insulating layers or components. One
the most successful techniques for such an atomistic cha
terization is cross-sectional scanning tunneling microsc
~XSTM!, which provided excellent geometric and electron
data of semiconductor heterostructures.1–8 Scanning tunnel-
ing microscopy can, however, only be applied on electrica
conducting materials. So far bulk ‘‘materials with insufficie
conductivity at room temperature’’9 could only be imaged
with additional carrier generation at elevated temperature
by light illumination.10

In this paper we demonstrate that cleavage surface
semi-insulating GaAs can be imaged with atomic resolut
by STM without light illumination or additional heating. W
determine the origin of the current and discuss the phys
effects involved. This possibility of directly imaging eve
semi-insulating GaAs allows to investigate all types of se
conductor heterostructures including those with se
insulating substrates or layers by XSTM.

II. EXPERIMENT

For our experiment we used two different types of sem
insulating GaAs wafers supplied by Freiberger Compou
Materials and American Crystal Technology~AXT !. The
Freiberger Compound Materials wafer contained carbon
compensating EL2 centers in concentrations of 4.831014
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and 1.331016 cm23, respectively. The EL2 concentration
sufficient to compensate all shallow donors and accept
The supplier specifies a resistivityr of 1.23107 V cm mea-
sured by the Hall–van der Pauw method at 22 °C with
n-type conduction. The AXT wafer had a specification
semi-insulating (r.107 V cm). One side of the wafers ha
an ohmic contact consisting of Ni/AuGe/Ni.11 Bars ~3 mm
wide and 8 mm high! were cleaved out of the 380-mm-thick
wafer. The lower half of the bars was clamped entirely b
tween gold contacts, transferred into ultrahigh vacu
(pressure,131028 Pa), and cleaved perpendicular to
@110# direction at a scratch mark just above the clam
Within 2–10 h after the cleavage the surfaces were inve
gated by a home-made ‘‘beetle type’’ STM using a RH
STM-100 electronics. The preamplifier used had a combi
noise and offset level of about 30 pA. PtRh tips sharpened
an electrochemical molten salt etch were used. All STM i
ages were obtained at a constant tunneling current of 1
with a scanning speed of 100–300 nm/s, in the dark, an
room temperature. Current-voltage tunneling spectra w
acquired at constant tip height with a set point of 1 nA. T
entire voltage range was swept in 300–340 ms and the
rent was recorded in 15 mV intervals. Each curve presen
arises from a single sweep.

III. EXPERIMENTAL RESULTS

Figure 1 shows several constant-current scanning tun
ing microscope images acquired at different magnitudes
negative tunneling voltages applied to the sample. The
ages all exhibit a periodic pattern of maxima with unit-c
dimensions of 0.56 and 0.4 nm along the@001# and @11̄0#
directions, respectively, independent of the tunneling vo
age. The size of the unit cell and the morphology of the ST
©2002 The American Physical Society18-1
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JÄGER, EBERT, URBAN, KRAUSE-REHBERG, AND WEBER PHYSICAL REVIEW B65 195318
images match that of the highly doped, clean GaAs~110!
surface.12 We achieved stable atomically resolved imagi
conditions for all sample voltages ranging from about22 to
26 V. At smaller negative voltages the tunneling current b
came unstable and we observed that the tip touches
partly destroys the surface. No images could be obtaine
positive sample voltageswithout photo carriers induced by
illumination. Note that the STM images obtained at negat
voltages predominantly exhibit rows along the@11̄0# direc-
tion, i.e., the corrugation along the@001# direction is stronger

FIG. 1. Constant-current scanning tunneling microscopy ima
of a semi-insulating GaAs~110! surface acquired at~a! 22.0 V, ~b!
22.5 V, ~c! 23.0 V, and~d! 24.0 V tunneling voltage applied to th
sample.

FIG. 2. Current-voltage spectra measured on semi-insula
GaAs~110! surfaces~a! in the dark in the tunneling mode,~b! in the
dark in the point contact mode, and~c! under illumination with
white light in the point contact mode.
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than that along the@11̄0# direction.
Figure 2 shows typical current-voltage characteristics

the cleaved semi-insulating GaAs~110! surface in the tunnel-
ing mode without illumination~spectrum a! and for in-
creased sensitivity in the point contact modewith ~spectrum
c! andwithout ~spectrum b! illumination with white light. In
the dark~with no illumination! the tunneling~a! as well as
the point contact~b! spectra only reveal current flow at neg
tive voltages. No current could be extracted from the sam
at positive voltages. This correlates with the observation t
we did neither achieve any STM images under that con
tion. In contrast, light illumination results in a higher curre
at negative voltages and, unlike the dark case, a clear
strong current at positive voltages.

Figure 3 shows a constant-current scanning tunneling
croscope image of a typical point defect, which we observ
on the semi-insulating GaAs cleavage surfaces. The de
gives rise in the occupied density of states images to a lo
depression with dimensions of one dangling bond. The m
ing dangling bond indicates a vacancy-related defect. T
defect does not exhibit any long-range height change aro
it. This indicates the absence of a local band bending indu
by a charge. Thus these defects are uncharged on s
insulating GaAs cleavage surfaces.

IV. DISCUSSION

Figure 1 shows clearly that atomic resolution can be
tained onsemi-insulatingGaAs even at room temperatur
and in the dark. Previous works on materials with low co
ductivities only obtained atomic resolution at high tempe
tures, where the charge carriers are thermally excited.9 It is
also important for further understanding to note that the
called ‘‘low conductivity’’ in that and many other cases
more than four orders of magnitude higher than the cond
tivity of our semi-insulating GaAs samples. Furthermo
real insulating materials could so far only be imaged by ST
as ultrathin films, where a tunneling through the insulati
layer into the conducting substrate is possible.13 On semi-
insulating GaAs no atomic resolution has been obtained
viously and tunneling images were only acquired with ph
tocarrier excitation by illumination.10 The comparison with
previous works demonstrates that our results are obta

s

g

FIG. 3. Constant-current scanning tunneling microscopy im
of a point defect identified as Schottky defect on a semi-insula
GaAs~110! surface acquired at23.0 V tunneling voltage applied to
the sample.
8-2
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SCANNING TUNNELING MICROSCOPY AND . . . PHYSICAL REVIEW B65 195318
under different conditions, where the imaging process
the physical background of the local density of states ima
in the atomically resolved STM images is not clear
present. Therefore, we discuss in the following the exp
mental results by performing model calculations. First
concentrate on the tunneling mode, where the tip and
sample are separated by a vacuum barrier. Second, we
cuss the point contact mode, i.e., the case where the
touches the surface. On the basis of the experimental re
and their comparison with the calculations, we extract
physics involved in measuring scanning tunneling micr
copy images and spectra on semi-insulating GaAs.

A. Tunneling through a vacuum barrier

First of all we have to address the question of whether
STM images in Figs. 1 and 3 are indeed obtained in
tunneling mode, i.e., that the tunnel current flows throug
vacuum barrier between the tip and the GaAs surface.
occasional occurrence of point defects as shown in Fig
corroborates that all the images were obtained in the tun
ing mode. If the STM images were obtained in the po
contact mode, the surface would be destroyed~as we ob-
served it indeed at positive voltages!. At best one can only
expect to observe a periodic pattern such as that foun
atomic force microscopy~AFM! in the contact mode. Indi-
vidual point defects could only be imaged by AFM in th
noncontact mode,14 where the tip is not touching the surfac
Thus we obtained the STM images indeed in a noncon
mode, i.e., by tunneling through a vacuum barrier.

We now discuss the measurements performed intunneling
mode and with no illumination of the samples. The curre
vs voltage spectra in Fig. 2 show that in the dark~i! no
current flows at positive voltages and~ii ! current can only be
extracted from the sample at negative sample voltages
comparison, STM images were only obtained at nega
voltages. These observations have important consequen

~i! If no electrons can flow from the tip to the sample
positive voltages, the tip’s occupied states cannot be fac
in terms of energy, the empty states of the GaAs~110! sur-
face. Thus the tip-induced band bending must be so large
the tip’s Fermi energy is below the conduction band edge
the GaAs surface. In this case the filled states of the tip ne
face the empty states of the GaAs surface energetically ly
above the conduction band edge@see schematic drawing i
Fig. 4~a!#. This situation is only possible if no carrier inve
sion is reached close to the surface, because with ca
inversion the band bending is reduced to approximately
eV as shown schematically in Fig. 4~b!. Thus the lack of
tunnel current infers the absence of a carrier inversion.

~ii ! In comparison, if electrons can flow at negative vo
ages from the sample to the tip, one can conclude that
occupied states of the sample face the empty states of th
This is for sure the case when the valence band maximum
the GaAs sample is above the Fermi-energy of the tip. Th
the fact that no stable current in the tunneling mode could
extracted for negative voltages smaller than22 V suggests
that the valence band edge is approximately equal to the
Fermi level close to22 V. For negative voltages larger tha
19531
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22 V ~e.g.,23 V! the valence band edge must thus be abo
the tip Fermi level, since tunneling is possible.

These so far purely experimental conclusions can be
roborated and extended by calculations of the tip-indu
band bending.15,16 In general, a difference between the t
and sample work functions causes an electric field betw
the two electrodes. This field is attenuated~screened! at the
tip surface by the free electron gas of the metallic tip. In t
semiconductor the field is screened by the net charge of
carriers~electrons and holes!, ionized surface states, and ion
ized dopants. In the absence of sufficient surface states
energetic positions within the bulk band gap, the field pe
etrates into the semiconductor bulk. Thus the magnitude
extend of band bending in the semiconductor is governed
the difference in work functions of the tip and semicondu
tor, the applied voltage, the tip-sample distance, and the d
ing ~and defect! concentration. It can be calculated by a
integration of Poisson’s equation. We followed the proced
described by Feenstra and Stroscio15 and Seiwatz and
Green17 and calculated the positions of the conduction ba
(ECS) and valence band edges (EVS) at the surface shown in
Fig. 5 for semi-insulating GaAs. We assumed a work fun
tion of 4.5 eV for the metallic tip and a tip-sample separati

FIG. 4. Schematic drawing of the electron potential variation
a metal–vacuum–semi-insulating semiconductor interface~a! with-
out inversion and~b! with inversion at positive voltages~eV! ap-
plied to the semiconductor. Note that the schematic is not to s
and the depletion width is much wider than the vacuum barrier.ECS

andEVS are the energetic positions of the conduction and vale
band edges at the surface, respectively.EF,tip and EF,sampleare the
Fermi energies of the tip and sample, respectively.
8-3



se
i

cts

n-
e
at

n
e
re

ve
e

r

ge

to
n
as

a
an
d

by
un
n-
ed
ve

sur-
le

bove

the

ier
the
in a

plied

at
ace
urs

nce
tun-
and
e in
for
nd
en-

va-
ar-
the

t in

io

lie
rm

e
st
la
zo
la-
ote
on
no

at

di-
ulk
ive

JÄGER, EBERT, URBAN, KRAUSE-REHBERG, AND WEBER PHYSICAL REVIEW B65 195318
of 0.9 nm as in Refs. 15 and 16. Furthermore, we u
Fermi-Dirac statistics to calculate the position of the Ferm
energy in the bulk from the concentration of EL2 defe
(1.331016 cm23 deep donors!, their defect level of 0.75 eV
below the conduction band,18 and a carbon acceptor conce
tration of 4.831014 cm23. The respective positions of th
valence and conduction band edges in the bulk are indic
by dashes markedEVB andECB on the right axis. Although
the calculation of the band bending is based on a o
dimensional model,19,20 we can discuss the main features r
lated to the experimental data. We calculated in Fig. 5 th
cases:~a! band bending with no carrier inversion at positi
voltages but including accumulation at negative voltag
~solid lines in Fig. 5!, ~b! band bending with inversion fo
positive voltages~dashed lines merging with solid lines!, and
~c! band bending with no accumulation at negative volta
~dotted lines merging with solid lines!. The formalism of
Ref. 17 also yields the electric field at the semiconduc
surface. With this value we iteratively obtained the ba
edge positions inside the semiconductor for the three c
~Fig. 6!. Three voltage ranges can be distinguished:

~i! For sample voltages between approximately20.4 and
10.7 V the positions of the band edges at the surface
practically identical for the three cases. The rise of the b
bending is nearly directly proportional to the applie
voltage.21 In this case the electric field is only screened
the charge of ionized donors. In this voltage range no t
neling of electrons from the STM tip or from the semico
ductor sample is possible, because the conduction band
at the surface is above the tip’s Fermi level for positi

FIG. 5. Calculation of the energetic positions of the conduct
bandECS and valence band edgesEVS at the surface for a metal–
vacuum–semi-insulating GaAs system as a function of app
sample voltage. The energies are given relative to the bulk Fe
level of the semi-insulating GaAs~0.768 eV above the bulk valenc
band edgeEVB , see right axis!. Three cases are shown: The fir
case assumes that holes can gather in a surface inversion
~dashed lines!. The second case assumes that no accumulation
exists~dotted lines!. The solid line shows the case with accumu
tion but no carrier inversion. The dash-dotted diagonal line den
the Fermi-energy position of the tip. A higher metal work functi
of the tip slightly shifts the curves to the left, but there are
qualitative changes.
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sample voltage, and the valence-band maximum at the
face is below the Fermi level of the tip for negative samp
voltage.

~ii ! For positive sample voltages greater than about11 V
the valence band edge at the semiconductor surface is a
the Fermi level in the semiconductor bulk~in Fig. 5 the
valence band edge is above 0 eV, which is the position of
bulk Fermi level!. In that case free holes are gatheredin
equilibrium conditionsat the surface and the charge carr
inversion is formed. Due to the high density of states in
valence band, these holes screen most of the field with
few nanometers@see dashed lines in Fig. 6~a!#, and thereby
reduce the dependence of the band bending on the ap
voltage ~dashed lines in Fig. 5!. With inversion the Fermi
level of the tip is raised above the conduction band edge
the semiconductor surface and tunneling into empty surf
states would be possible. However, carrier inversion occ
at the surfacein equilibrium conditions. It can only form if
free carriers are present in the semiconductor bulk vale
band and if these carriers can reach the surface. Under
neling conditions empty states in the top of the valence b
are filled much faster than new holes can reach the surfac
semi-insulating GaAs. Furthermore, the energy required
the thermal excitation of electrons into the conduction ba
is also too large to create significant charge carrier conc
trations at the surface. Similarly, a tunneling of surface
lence electrons into bulk conduction states through the b
rier formed by the band bending is negligible, because
extent of the band bending into the bulk~about 300 nm!
makes the barrier too wide@see Fig. 6~a! solid lines#. There-
fore, no inversion can be expected. If no free holes exis
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FIG. 6. Depth dependence of the position of the valence (EV)
and conduction (EC) band edges for@~a! solid lines# positive volt-
ages of13 V and no inversion,@~a! dashed lines# positive voltages
of 13 V and carrier inversion near the surface,@~b!, solid lines#
negative voltages of23 V and an accumulation of charge carriers
the surface, and@~b! dotted lines# negative voltages of23 V with
no accumulation at the surface. The Fermi level of the tip is in
cated by arrows. The Fermi level of the semi-insulating GaAs b
is at 0 eV. Note that with slightly changing voltages the qualitat
features do not change.
8-4



le
a
c

-
th

a
ct
un
d
I
lt
e
e
n

er

e
f

t
th

nt
re

h
va
l f
g
TM
n
g

tri
e
i-

th
th
m

ac
ill

f
ar
s
p
th
u

tin

e
as-
en-
s at
. In
re
the

as
the
f the
sur-
bulk

is
can

if-
sing
nd
the

e-
dge
the
-

e
y
ce

he
rrier
t at
the
to

ns-

ion

lied
are

As

n at
with

SCANNING TUNNELING MICROSCOPY AND . . . PHYSICAL REVIEW B65 195318
the near surface region, the field continues to be so
screened by the charge of ionized donors and thus the b
edges at the surface continue to rise at a rate nearly dire
proportional with the applied voltage~as shown by the solid
lines at positive voltages in Fig. 5!. Consequently, for posi
tive voltages the position of the conduction band edge at
surface is always above the Fermi energy of the tip~compare
dashed-dotted line with solid lines in Fig. 5!. Hence no filled
tip states face empty sample states at the surface and
consequence no current at positive voltages can be inje
into surface states of semi-insulating GaAs. In addition, t
neling through the space charge region is also suppresse
the wide barrier an electron would have to overcome.
summary no tunneling is possible for positive sample vo
ages in agreement with the conclusions from our experim
tal observations~see Fig. 2!, due to the absence of a charg
carrier inversion and the absence of equilibrium conditio
under tunneling conditions.

~iii ! For sample voltagesVs,20.4 V, the conduction
band edge at the semiconductor surface is below the F
level in the semiconductor bulk.In equilibrium conditions,
free electrons accumulate at the surface, effectively scre
ing the field@Fig. 6~b!, solid line# and reducing the slope o
the solid curves in Fig. 5. In contrast, assuming no accum
lation at the surface, only ionized acceptors can screen
field and the energetic positions of the band edges at
surface are nearly proportional to the applied voltage@dotted
line in Figs. 5 and 6~b!#. In such a case no tunneling curre
can flow on the basis of the same arguments as in the p
ous paragraph.

In the experiment we, however, can extract a current. T
is compatible with the case of accumulation, where the
lence band edge at the surface is above the tip Fermi leve
Vs,22 V ~Fig. 5!. This results in the onset of tunnelin
near22 V as seen in the tunneling spectra and in the S
images. Finally, the observation of mostly atomic rows alo
the @11̄0# direction is indicative of the corrugation bein
dominated by filled-arsenic-derived dangling bond states.22,23

Note that in the nonequilibrium tunneling contact the con
bution of the tunneling current from the accumulation lay
near the surface is limited by the low conductivity in sem
insulating GaAs and thus is lower than the current from
valence band. Thus, the maxima in Fig. 1 correspond to
filled-arsenic-derived dangling bond states and not galliu
derived surface states.

B. Point contact

We now focus on the case where the tip is in point cont
with the semi-insulating GaAs. Without illumination we st
observe no current at positive, but an increased current
negative, sample voltage. Based solely on the disappe
vacuum barrier, one would expect the current to be increa
by four to ten orders of magnitude assuming a tip-sam
separation of 0.4–1 nm in tunneling condition, due to
exponential distance dependence of the tunnel current. S
an increase in current, however, is not observed, indica
an additional physical effect reducing the tunnel current.
19531
ly
nd
tly

e

s a
ed
-
by

n
-
n-

s

mi

n-

u-
he
e

vi-

is
-
or

g

-
r

e
e
-

t

or
ed
ed
le
e
ch
g

In order to identify this physical effect, we calculated th
band bending as a function of tip-sample separation. We
sumed that no inversion takes place. Figure 7 shows the
ergetic positions of the conduction and valence band edge
the surface for 0.9, 0.45, and 0 nm tip-sample separation
Fig. 8~a! and 8~b! the corresponding energetic positions a
shown as a function of the distance from the surface into
bulk for sample voltages of13 and23 V, respectively. The
following conclusions can be drawn.

~i! For positive voltages the band bending at the surface
well as into the bulk shows only a weak dependence on
tip-sample separation. Therefore, the same arguments o
tunneling case apply: Since no inversion occurs at the
face, the space charge region extends deeply into the
@Fig. 8~a!#, such that tunneling through the space charge
negligible. Thus at positive sample voltages no current
be observed.

~ii ! For negative voltages the situation is significantly d
ferent. The band bending increases strongly with decrea
tip-sample separation. In point contact the conduction a
valence band edge at the surface are entirely defined by
difference of the work functions of sample and tip. Ther
fore, at the semiconductor surface the conduction band e
is 0.5 eV above and the valence band edge is 1 eV below
Fermi level of the tip~compare dotted lines with dashed
dotted lines in Fig. 7!. Thus, no current can flow from th
semiconductorsurface states into empty tip states. If an
current flows, it must arise from tunneling through the spa
charge zone, which extends into the semiconductor bulk@see
Fig. 8~b!#. A comparison of the depth dependence of t
band edges shown in Fig. 8 already indicates that the ba
at negative sample voltages is much narrower than tha
positive voltages, such that the tunnel current through
space charge region is not entirely negligible. In order
estimate this current contribution, we calculated the tra

FIG. 7. Calculation of the energetic positions of the conduct
bandECS and valence band edgesEVS at the surface for a metal–
vacuum–semi-insulating GaAs system as a function of app
sample voltage for different tip-sample distances. The energies
given relative to the bulk Fermi level of the semi-insulating Ga
~0.768 eV above the bulk valence band edgeEVB , see right axis!
and were calculated for the case of accumulation but no inversio
the surface. Note that the band bending at the surface increases
decreasing tip-sample separation.
8-5
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JÄGER, EBERT, URBAN, KRAUSE-REHBERG, AND WEBER PHYSICAL REVIEW B65 195318
mission coefficient through the space charge region a
function of electron energy using the WKB approximation15

Figure 9 shows the result for three tip-sample distance
23 V sample voltage. The transmission coefficients throu
the vacuum barrier~at nonzero tip-sample distances! is
shown as dashed lines, the transmission coefficients thro
the space charge region is shown as dotted lines and the

FIG. 8. Depth dependence of the position of the valence (EV)
and conduction (EC) band edges for~a! positive voltages of13 V
and no inversion and~b! negative voltages of23 V and an accu-
mulation of charge carriers at the surface for three different
sample separations. The Fermi level of the tip is indicated by
rows. The Fermi level of the semi-insulating GaAs bulk is at 0 e
Note that with slightly changing voltages the qualitative features
not change.

FIG. 9. Transmission coefficient as a function of electron ene
for three different tip-sample separations for a metal–vacuu
semi-insulating GaAs system with23 V applied to the semi-
insulating GaAs crystal. The dashed lines show the transmis
coefficient only through the vacuum barrier between the sample
the tip. The dotted lines show the transmission coefficient o
through the space charge region of the semi-insulating GaAs.
solid lines show the total transmission coefficient. Note that in
point contact the current is only limited by the tunneling of ele
trons through the space charge region.
19531
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transmission coefficients are shown as solid lines. Figur
shows that with decreasing tip-sample distance the trans
sion through the vacuum barrier increases exponentia
while the transmission through the space charge region
creases. As a consequence, one can expect a maximum
mission current at some intermediate tip-sample distance
not in the point contact. Figure 10 shows the transmiss
coefficients integrated from the Fermi level of the tip up
the top of the valence band in the semiconductor bulk a
function of the tip-sample separation. The open symbols r
resent the integrated transmission coefficient through
space charge region only, whereas the filled symbols sh
the transmission coefficient for tunneling through t
vacuum barrier. The solid line indicates the combined tra
mission coefficient trough space charge region and vacu
barrier. For small tip-sample separations the valence-b
current is limited by tunneling through the space charge
gion, whereas for large separation the vacuum barrier lim
the current. The result in Fig. 10 also shows that one can
expect that the current increases by four to ten orders
magnitude solely by reducing the tip-sample distance fr
about 0.4–1 nm down to zero distance~point contact!. One
rather can only expect about 161 order of magnitude cur-
rent increase. This is in agreement with our observation
Fig. 2.

C. Tunneling under illumination

Illumination with white light excites electrons from th
valence band into the conduction band in the near-surf
region. Although this effect increases the charge carrier c
centration in the near surface region, the band bending a
surface is still controlled by the difference in work functio
between the tip and sample materials. The increase in
charge carriers~with carrier inversion! only increases the
screening and thus decreases the extent of the band ben

-
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.
o

y
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n
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y
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e
-

FIG. 10. Integrated transmission coefficient for sample volta
of 23 and 22 V applied to the sample as a function of the ti
sample separation for semi-insulating GaAs. At small tip-sam
separation the transmission coefficient is limited by tunnel
through the space charge barrier, whereas at larger tip-sample
ration the limitation rises from the tunneling through the vacuu
barrier between the tip and sample.
8-6



in
he
i-
t

p
ite
nl
ti

on
in
gh

hi
gh
a

ar
m
u

cy

iss
th
u
ll

A
ie
o

th
tin

si

ol
b

ed.
the
the
can

xci-
ex-
cal

in
ier
be-
der

ible
a-
nd

he
ing
oc-
tip

ding
tes
by
ion
n-

ct is
aller
the

han
mi-

in
igh

that
the
rier
mu-
di-
of

ties,

nd
ski
ein-
ch,
ivi-
E-

SCANNING TUNNELING MICROSCOPY AND . . . PHYSICAL REVIEW B65 195318
into the semiconductor bulk. This extent of the band bend
into the bulk is limiting the transmission, such that in t
dark current can only flow at negative voltages. With illum
nation the screening is enhanced and tunneling through
space charge region becomes possible at negative and
tive voltages. Note that illumination of the sample with wh
light increases the conductivity of the sample’s surface o
but not in the bulk. Thus the current observed now is s
limited by the carrier transport through the sample.

D. Point defects on semi-insulating GaAs surfaces

We observed only uncharged point defects on the~110!
cleavage surfaces of semi-insulating GaAs. This is in c
trast to the observation of a rich variety of charged po
defects and dopant atoms in cleavage surfaces of hi
doped III-V and II-VI semiconductors.24 In order to discuss
the origin of such defects, we first identify the defects.

Each defect appears as one missing dangling bond, w
indicates a missing As atom. In addition, one of the nei
boring dangling bonds is raised. Such a signature can h
several origins:~i! A dopant-vacancy complex has a simil
morphology,25 but the concentration of carbon dopant ato
is much too low to explain the concentration of defects. Th
the defect must be a native defect.~ii ! An isolated uncharged
anion vacancy has a symmetric structure.26 Therefore the de-
fect cannot be an isolated As vacancy.~iii ! The observed
signature is, however, typical for a surface anion vacan
cation vacancy pair~Schottky defect!. Such a defect gives
rise to one brighter dangling bond neighboring to one m
ing dangling bond. Furthermore, it is conceivable that
anion-cation vacancy pair is electrically uncharged, beca
the anions and cations are removed stoichiometrica
Schottky defects were indeed observed previously on~110!
cleavage surfaces of InSb.27

If a defect would be charged on the semi-insulating Ga
surface, it would imply the presence of a charge carr
However, the concentration of thermally excited carriers
of dopant atoms is much too low to accommodate for
defect concentration on the surface. Thus for semi-insula
GaAs uncharged defects are more stable than charged
fects, due to the lack of free charge carriers. This is con
tent with the observation of uncharged Schottky defects.

V. CONCLUSIONS

In summary, we demonstrated that stable atomic res
tion in scanning tunneling microscopy images can
achieved on~110! cleavage surfaces ofsemi-insulatingGaAs
with resistivities as high as 1.23107 V cm, i.e., more than
U.
l.

ih,
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four orders of magnitude higher than previously achiev
The experiments showed that at room temperature and in
dark, only the occupied dangling bond states localized at
arsenic surface atoms can be imaged. No tunnel current
be extracted at positive sample voltages without photoe
tation of carriers. From these experimental results we
tracted, with help of simple model calculations, the physi
mechanisms that allow the extraction of stable current
STM configurations. At positive sample voltages no carr
inversion occurs during scanning tunneling microscopy,
cause the carrier system does not reach equilibrium un
tunneling conditions. As a consequence no STM is poss
at positive voltages without photocarrier excitation. At neg
tive sample voltages an accumulation layer is formed a
sufficiently maintained under tunneling conditions. In t
tunneling mode through a vacuum barrier the band bend
then remains small enough such that tunneling from the
cupied valence band of the GaAs surface into the empty
states is possible. In the point contact mode the band ben
still remains too large, such that no filled GaAs surface sta
face empty tip states. Current flow is only maintained
tunneling through the space charge region. With illuminat
with white light and subsequent photocarrier excitation, tu
neling through the space charge region in the point conta
enhanced due to the increased screening and thus sm
space charge barrier. The results show that as long as
absolute resistance through the sample is still smaller t
the tunneling resistance of the vacuum barrier, se
insulating materials can be imaged including those found
electronic devices, without the need to excite carriers at h
temperatures or with light. Furthermore, the results show
other low-conductivity materials without surface states in
band gap can also be investigated by STM without car
excitation, if the occupied states are imaged and the accu
lation layer is sufficiently maintained under tunneling con
tion, such that the band bending is not too large. The limit
this tunneling process depends on the material’s proper
notably the size of the band gap and the remaining~uninten-
tional! impurity doping and defect concentrations.
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