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We report on atomically resolved scanning tunneling microscopy images and tunneling spedtid) of
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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. INTRODUCTION and 1.3 10 cm ™3, respectively. The EL2 concentration is
sufficient to compensate all shallow donors and acceptors.

Semiconductor heterostructures and devices are freFhe supplier specifies a resistivipyof 1.2x 10" ) cm mea-
quently grown on or implanted in semi-insulating substratesured by the Hall-van der Pauw method at 22 °C with a
or may contain semi-insulating layers in order to electricallyn-type conduction. The AXT wafer had a specification as
decouple different active areas on the same chip. For a fusemi-insulating p>10" 2 cm). One side of the wafers had
ther optimization of such devices, it is desirable to achievean ohmic contact consisting of Ni/AuGe/Mi.Bars (3 mm
an atomically resolved analysis of the entire device structurgvide and 8 mm highwere cleaved out of the 380m-thick
including the semi-insulating layers or components. One ofvafer. The lower half of the bars was clamped entirely be-
the most successful techniques for such an atomistic charagveen gold contacts, transferred into ultrahigh vacuum
terization is cross-sectional scanning tunneling microscopypressurec1x 10 8 Pa), and cleaved perpendicular to a
(XSTM), which provided excellent geometric and electronic[110] direction at a scratch mark just above the clamp.
data of semiconductor heterostructute$Scanning tunnel-  Within 2—10 h after the cleavage the surfaces were investi-
ing microscopy can, however, only be applied on electricallygated by a home-made “beetle type” STM using a RHK
conducting materials. So far bulk “materials with insufficient STM-100 electronics. The preamplifier used had a combined
conductivity at room temperaturé”could only be imaged noise and offset level of about 30 pA. PtRh tips sharpened by
with additional carrier generation at elevated temperatures Qin electrochemical molten salt etch were used. All STM im-
by light illumination© ages were obtained at a constant tunneling current of 1 nA

In this paper we demonstrate that cleavage surfaces afith a scanning speed of 100-300 nm/s, in the dark, and at
semi-insulating GaAs can be imaged with atomic resolutionroom temperature. Current-voltage tunneling spectra were
by STM without light illumination or additional heating. We acquired at constant tip height with a set point of 1 nA. The
determine the origin of the current and discuss the physicaéntire voltage range was swept in 300—340 ms and the cur-

effects involved. This possibility of directly imaging even rent was recorded in 15 mV intervals. Each curve presented
semi-insulating GaAs allows to investigate all types of semi-arises from a single sweep.

conductor heterostructures including those with semi-
insulating substrates or layers by XSTM. lIl. EXPERIMENTAL RESULTS
Figure 1 shows several constant-current scanning tunnel-
ing microscope images acquired at different magnitudes of
For our experiment we used two different types of semi-negative tunneling voltages applied to the sample. The im-
insulating GaAs wafers supplied by Freiberger Compoundiges all exhibit a periodic pattern of maxima with unit-cell
Materials and American Crystal TechnologpXT). The dimensions of 0.56 and 0.4 nm along ff@¢91] and[110]
Freiberger Compound Materials wafer contained carbon andirections, respectively, independent of the tunneling volt-
compensating EL2 centers in concentrations ofx4l8'*  age. The size of the unit cell and the morphology of the STM
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FIG. 3. Constant-current scanning tunneling microscopy image
of a point defect identified as Schottky defect on a semi-insulating
GaAgq110) surface acquired at 3.0 V tunneling voltage applied to
the sample.

than that along th€110] direction.

Figure 2 shows typical current-voltage characteristics of
the cleaved semi-insulating GaA40 surface in the tunnel-
ing mode without illumination(spectrum @ and for in-
creased sensitivity in the point contact mosligh (spectrum

. . . , ¢) andwithout (spectrum pillumination with white light. In
FIG. 1. Constant-current scanning tunneling microscopy |mage%r)]e dark(with (nc[)) iIIuminab:ion) the tunneling(a) as v%ell as
of a semi-insulating GaA410) surface acquired g8 —2.0 V, (b .
~25V.(c) —3.0 V,%nd?g _4).0 v tunnelir?g voltaage) applied t(o )the the point contactb) spectra only reveal current flow at nega-
sample. tive voltages. No current could be extracted from the sample
at positive voltages. This correlates with the observation that
we did neither achieve any STM images under that condi-

el Wi hieved stable atomicall ved i .__tion. In contrast, light illumination results in a higher current
surtace.” Ve achieved stable atomically Tesolved Imaging negative voltages and, unlike the dark case, a clear and

c_o6m\j/|tgtns for"all samp;!e voltlat\ges r?rr:gltng frolm abed tcz[ b strong current at positive voltages.
- Al smaller negative voltages ne tunneling current be- Figure 3 shows a constant-current scanning tunneling mi-

came unstable and we observed that the tip touches a%qoscope image of a typical point defect, which we observed

part_lty destroy? theltsurfac_fr.] N(t) |rr:1atges cquld bedobt?jmt;ed %tn the semi-insulating GaAs cleavage surfaces. The defect
positive samplé voltageaitnout pholo carriers induced by i qq rise in the occupied density of states images to a local

illumination. Note that the STM images obtained at negat'vegepression with dimensions of one dangling bond. The miss-

voltages predominantly exhibit rows along 10] direc-  jng dangling bond indicates a vacancy-related defect. The
it. This indicates the absence of a local band bending induced
by a charge. Thus these defects are uncharged on semi-
insulating GaAs cleavage surfaces.

images match that of the highly doped, clean G4A§

10 T T T T T

51 00000 i IV. DISCUSSION

<><>
0000 Figure 1 shows clearly that atomic resolution can be ob-
tained onsemi-insulatingGaAs even at room temperature
0“(55 """""""" p and in the dark. Previous works on materials with low con-
’ ductivities only obtained atomic resolution at high tempera-
by o*° S tures, where the charge carriers are thermally exCiteds
B4 o0° S 1 also important for further understanding to note that the so-
T © <><><><> called “low conductivity” in that and many other cases is
§ more than four orders of magnitude higher than the conduc-
& . L tivity of our semi-insulating GaAs samples. Furthermore,
6 4 2 0 2 4 6 real insulating materials could so far only be imaged by STM
sample voltage (V) as ultrathin films, Whe_re a tunneling'through the insulating
layer into the conducting substrate is possiSl©n semi-
FIG. 2. Current-voltage spectra measured on semi-insulatingnsulating GaAs no atomic resolution has been obtained pre-
GaAg110) surfaceqa) in the dark in the tunneling modéy) in the ~ Viously and tunneling images were only acquired with pho-
dark in the point contact mode, ar(d) under illumination with ~ tocarrier excitation by illuminatiot® The comparison with
white light in the point contact mode. previous works demonstrates that our results are obtained

current (nA)
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under different conditions, where the imaging process and (a)
the physical background of the local density of states imaged

in the atomically resolved STM images is not clear at E

present. Therefore, we discuss in the following the experi- cs

mental results by performing model calculations. First we E,:‘ﬁp / Eyg
concentrate on the tunneling mode, where the tip and the —  ___[ |

sample are separated by a vacuum barrier. Second, we dis- 7 EF,sampIe
cuss the point contact mode, i.e., the case where the tip eV %

touches the surface. On the basis of the experimental results %

and their comparison with the calculations, we extract the % -------------
physics involved in measuring scanning tunneling micros- /

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 the (b)
STM images in Figs. 1 and 3 are indeed obtained in the
tunneling mode, i.e., that the tunnel current flows through a
vacuum barrier between the tip and the GaAs surface. The E
occasional occurrence of point defects as shown in Fig. 3 F, tip
corroborates that all the images were obtained in the tunnel-
ing mode. If the STM images were obtained in the point %
contact mode, the surface would be destroyasl we ob- e

%
served it indeed at positive voltageét best one can only é»
0

ECS
/ EVS

> < EF,sampIe

FIG. 4. Schematic drawing of the electron potential variation at

expect to observe a periodic pattern such as that found in
atomic force microscopyAFM) in the contact mode. Indi-
vidual point defects could only be imaged by AFM in the
noncontact mod& where the tip is not touching the surface.
Thus we obtained the STM images indeed in a noncontac& metal-vacuum—semi-insulating semiconductor interfacevith-

mode, i.e., by tunneling through a vacuum bamer' . out inversion andb) with inversion at positive voltage@V) ap-

We now discuss the measurements performednneling  jieq to the semiconductor. Note that the schematic is not to scale
mode and with no illumination of the samples. The currentyng the depletion width is much wider than the vacuum barEige.
vs voltage spectra in Fig. 2 show that in the d&flkno  andE, ¢ are the energetic positions of the conduction and valence
current flows at positive voltages afid) current can only be  pand edges at the surface, respectivEly, and E sampieare the
extracted from the sample at negative sample voltages. Ipermi energies of the tip and sample, respectively.
comparison, STM images were only obtained at negative

voltages. These observati i :
9 tions have important consequencegz V (e.g.,—3 V) the valence band edge must thus be above

(i) If no electrons can flow from the tip to the sample atthe tip Fermi level, since tunneling is possible.
positive voltages, the tip's occupied states cannot be facing, These so far purely experimental conclusions can be cor-
in terms of energy, the empty states of the GAA®) sur- roborated and extended by calculations of the tip-induced
face. Thus the tip-induced band bending must be so large théand bending®*® In general, a difference between the tip
the tip’s Fermi energy is below the conduction band edge aand sample work functions causes an electric field between
the GaAs surface. In this case the filled states of the tip nevehe two electrodes. This field is attenuaisdreenegat the
face the empty states of the GaAs surface energetically lyingjp surface by the free electron gas of the metallic tip. In the
above the conduction band edgee schematic drawing in semiconductor the field is screened by the net charge of free
Fig. 4@]. This situation is only possible if no carrier inver- carriers(electrons and holgsionized surface states, and ion-
sion is reached close to the surface, because with carriézed dopants. In the absence of sufficient surface states with
inversion the band bending is reduced to approximately 0.Bnergetic positions within the bulk band gap, the field pen-
eV as shown schematically in Fig(k}. Thus the lack of etrates into the semiconductor bulk. Thus the magnitude and
tunnel current infers the absence of a carrier inversion.  extend of band bending in the semiconductor is governed by

(i) In comparison, if electrons can flow at negative volt- the difference in work functions of the tip and semiconduc-
ages from the sample to the tip, one can conclude that ther, the applied voltage, the tip-sample distance, and the dop-
occupied states of the sample face the empty states of the tijng (and defect concentration. It can be calculated by an
This is for sure the case when the valence band maximum dftegration of Poisson’s equation. We followed the procedure
the GaAs sample is above the Fermi-energy of the tip. Thugjescribed by Feenstra and Strostiand Seiwatz and
the fact that no stable current in the tunneling mode could b&reert’ and calculated the positions of the conduction band
extracted for negative voltages smaller tha@ V suggests (Ecg) and valence band edgeB.s) at the surface shown in
that the valence band edge is approximately equal to the tipig. 5 for semi-insulating GaAs. We assumed a work func-
Fermi level close to-2 V. For negative voltages larger than tion of 4.5 eV for the metallic tip and a tip-sample separation
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FIG. 5. Calculation of the energetic positions of the conduction 0 100 200 300 400 500

bandEcs and valence band edg&ss at the surface for a metal— depth (nm)

vacuum-semi-insulating GaAs system as a function of applied g5 6. Depth dependence of the position of the valer&g) (

sample voltage.. The er?ergies are given relative to the bulk Ferrrgnd conduction E¢) band edges fof(a) solid lineg positive volt-
level of the semi-insulating GaA®.768 eV above the bulk valence ages of+3 V and no inversionj(a) dashed linepositive voltages

band edgeEyg , see right axis Three cases are shown: The first ¢ | 3 \/ and carrier inversion near the surfagé), solid lineg
case assumes that holes can gather in a surface inversion laygeaiive voltages of 3 V and an accumulation of charge carriers at
(dashed lines The second case assumes that no accumulation ZONBe surface, anfi(b) dotted lined negative voltages of 3 V with
exists(dotted lineg. The solid line shows the case with accumula- .\, accumulation at the surface. The Fermi level of the tip is indi-
tion but no carrier inversion. The dash-dotted diagonal line denoteg;qq by arrows. The Fermi level of the semi-insulating GaAs bulk

the Fermi-energy position of the tip. A higher metal work function ig 5¢ g eV, Note that with slightly changing voltages the qualitative
of the tip slightly shifts the curves to the left, but there are notaatres do not change.

gualitative changes.

of 0.9 nm as in Refs. 15 and 16. Furthermore, we usegample voltage, and the valence-band maximum at the sur-
Fermi-Dirac statistics to calculate the position of the Fermi-face is below the Fermi level of the tip for negative sample
energy in the bulk from the concentration of EL2 defectsVoltage. .

(1.3x10' cm™2 deep donors their defect level of 0.75 eV (ii) For positive sample voltages greater than abbuity
below the conduction barid,and a carbon acceptor concen- the valence band edge at the semiconductor surface is above
tration of 4.8< 10" cm3. The respective positions of the the Fermi level in the semiconductor bulln Fig. 5 the
valence and conduction band edges in the bulk are indicate¢/énce band edge is above 0 eV, which is the position of the
by dashes markeH,z andEcg on the right axis. Although bulk Fermi level. In that case free holes are gathened.

the calculation of the band bending is based on a one€quilibrium conditionsat the surface and the charge carrier
dimensional modei®2we can discuss the main features re-inversion is formed. Due to the high density of states in the
lated to the experimental data. We calculated in Fig. 5 thre¥alénce band, these holes screen most of the field within a
cases{a) band bending with no carrier inversion at positive féW nanometergsee dashed lines in Fig(@], and thereby
voltages but including accumulation at negative voltageseduce the dependence of the band bending on the applied
(solid lines in Fig. 5, (b) band bending with inversion for Voltage (dashed lines in Fig.)5 With inversion the Fermi
positive voltagegdashed lines merging with solid linesind level of Fhe tip is raised above the cor_wdugtlon band edge at
(c) band bending with no accumulation at negative voltageéhe semiconductor su_rface and tunnellng into empty surface
(dotted lines merging with solid lingsThe formalism of States would be possible. However, carrier inversion occurs
Ref. 17 also yields the electric field at the semiconductot the surfacen equilibrium conditions It can only form if
surface. With this value we iteratively obtained the bandree carriers are present in the semiconductor bulk valence
edge positions inside the semiconductor for the three casd®@nd and if these carriers can reach the surface. Under tun-

(Fig. 6). Three voltage ranges can be distinguished: neling conditions empty states in the top of the valence band
are filled much faster than new holes can reach the surface in

(i) For sample voltages between approximately.4 and semi-insulating GaAs. Furthermore, the energy required for
+0.7 V the positions of the band edges at the surface arthe thermal excitation of electrons into the conduction band
practically identical for the three cases. The rise of the bands also too large to create significant charge carrier concen-
bending is nearly directly proportional to the applied trations at the surface. Similarly, a tunneling of surface va-
voltage?! In this case the electric field is only screened bylence electrons into bulk conduction states through the bar-
the charge of ionized donors. In this voltage range no tunfier formed by the band bending is negligible, because the
neling of electrons from the STM tip or from the semicon- extent of the band bending into the bulabout 300 nm
ductor sample is possible, because the conduction band edgekes the barrier too widsee Fig. €) solid lineg. There-
at the surface is above the tip’s Fermi level for positivefore, no inversion can be expected. If no free holes exist in
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the near surface region, the field continues to be solely
screened by the charge of ionized donors and thus the band
edges at the surface continue to rise at a rate nearly directly
proportional with the applied voltagas shown by the solid
lines at positive voltages in Fig.)5Consequently, for posi-

tive voltages the position of the conduction band edge at the
surface is always above the Fermi energy of thédgmpare
dashed-dotted line with solid lines in Figl. Hence no filled

tip states face empty sample states at the surface and as a
consequence no current at positive voltages can be injected e
into surface states of semi-insulating GaAs. In addition, tun- A
neling through the space charge region is also suppressed by N ;r\lEF‘,i,, . .
the wide barrier an electron would have to overcome. In 6 42 0 2 4 6
summary no tunneling is possible for positive sample volt- sample voltage (V)

ages in agre_ement W't_h the conclusions from our experimen- FIG. 7. Calculation of the energetic positions of the conduction
tal observationgsee Fig. 2. due to the absence of a charge pandE ¢ and valence band edg&ss at the surface for a metal—
carrier inversion and the absence of equilibrium Cond't'onS/acuum—semi-insuIating GaAs system as a function of applied
under tunneling conditions. sample voltage for different tip-sample distances. The energies are
(iii) For sample voltaged/s<—0.4V, the conduction given relative to the bulk Fermi level of the semi-insulating GaAs
band edge at the semiconductor surface is below the Ferni®.768 eV above the bulk valence band edgg , see right axis
level in the semiconductor bulkn equilibrium conditions  and were calculated for the case of accumulation but no inversion at
free electrons accumulate at the surface, effectively screefthe surface. Note that the band bending at the surface increases with
ing the field[Fig. 6(b), solid line] and reducing the slope of decreasing tip-sample separation.

the solid curves in Fig. 5. In contrast, assuming no accumu- | q identify this phvsical eff culated th
lation at the surface, only ionized acceptors can screen the !N Order to identify this physical effect, we calculated the

field and the energetic positions of the band edges at th and bending asa fu_nction of tip-samp_le separation. We as-
surface are nearly proportional to the applied voltgdtted sume_d that_ no Iversion takes .place. Figure 7 shows the en-
line in Figs. 5 and @)]. In such a case no tunneling current ergetic positions of the conduction and valence band edges at
can flow on the basis of the same arguments as in the pre -be surface for 0.9, 0.45, and 0 nm t|p-sample sep_qrann. In
ous paragraph. ig. 8@ and 8b) the corresponding energetic positions are

In the experiment we, however, can extract a current. Thi%h?k"vfn asa fUIHCt'Oln of thi;jéstandce ?f)ri)/m the su_rfa<|:e EP;O the
is compatible with the case of accumulation, where the va2U'k for sample voltages and—3V, respectively. The

lence band edge at the surface is above the tip Fermi level fdP!loWing conclusions can be drawn.

V.<—2V (Fig. 5. This results in the onset of tunneling (i) For positive voltages the band bending at the surface as
near—2 V as seen in the tunneling spectra and in the STMVE!l as into the bulk shows only a weak dependence on the
images. Finally, the observation of mostly atomic rows along;'p'samIOIe separation. Therefore, the same arguments of the

— . e . . unneling case apply: Since no inversion occurs at the sur-
the [110] direction is indicative of the corrugation being f d i

: : . : X ace, the space charge region extends deeply into the bulk
dominated by filled-arsenic-derived dangling bond st&t&3. [Fig. 8a)] guch that ?unne?ing through the spp);ce charge is
Note that in the nonequilibrium tunneling contact the contri- ’

X : _ negligible. Thus at positive sample voltages no current can
bution of the tunneling current from the accumulation layer 919 P P g

N O ~'be observed.
near the surface is limited by the low conductivity in semi-

) . ) (i) For negative voltages the situation is significantly dif-
insulating GaAs and thus is I(.)werl tha_n the current from th%erent. The band bending increases strongly with decreasing
valence band. Thus, the maxima in Fig. 1 correspond to th

filled ic-derived danaling bond d li ﬁp-sample separation. In point contact the conduction and
llled-arsenic-derived dangling bond states and not galliums;,ance pand edge at the surface are entirely defined by the
derived surface states.

difference of the work functions of sample and tip. There-
fore, at the semiconductor surface the conduction band edge
is 0.5 eV above and the valence band edge is 1 eV below the
Fermi level of the tip(compare dotted lines with dashed-
We now focus on the case where the tip is in point contactlotted lines in Fig. Y. Thus, no current can flow from the
with the semi-insulating GaAs. Without illumination we still semiconductorsurface states into empty tip states. If any
observe no current at positive, but an increased current fazurrent flows, it must arise from tunneling through the space
negative, sample voltage. Based solely on the disappearegharge zone, which extends into the semiconductor zdk
vacuum barrier, one would expect the current to be increaselig. 8b)]. A comparison of the depth dependence of the
by four to ten orders of magnitude assuming a tip-sampléand edges shown in Fig. 8 already indicates that the barrier
separation of 0.4—1 nm in tunneling condition, due to theat negative sample voltages is much narrower than that at
exponential distance dependence of the tunnel current. Sugositive voltages, such that the tunnel current through the
an increase in current, however, is not observed, indicatingpace charge region is not entirely negligible. In order to
an additional physical effect reducing the tunnel current.  estimate this current contribution, we calculated the trans-

TEs

F, sample

t-EVB

band edge position (eV)

w

B. Point contact
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10°4

107

104

10-6_

band edge position (eV)

intergrated transmission coefficient (eV)

00 02 04 06 08 10 1.2
tip-sample distance (nm)

0 5 10 15 20 100 200 300 400 500
depth (nm) FIG. 10. Integrated transmission coefficient for sample voltages
of —3 and—2 V applied to the sample as a function of the tip-
FIG. 8. Depth dependence of the position of the valerieg) (  sample separation for semi-insulating GaAs. At small tip-sample
and conduction &) band edges fofa) positive voltages of+3 V. separation the transmission coefficient is limited by tunneling
and no inversion an¢b) negative voltages of-3 V and an accu-  through the space charge barrier, whereas at larger tip-sample sepa-

mulation of charge carriers at the surface for three different tip-ration the limitation rises from the tunneling through the vacuum
sample separations. The Fermi level of the tip is indicated by arparrier between the tip and sample.

rows. The Fermi level of the semi-insulating GaAs bulk is at 0 eV.
Note that with slightly changing voltages the qualitative features dqyansmission coefficients are shown as solid lines. Figure 9

not change. shows that with decreasing tip-sample distance the transmis-
o - ) sion through the vacuum barrier increases exponentially,
mission coefficient through the space charge region as @hile the transmission through the space charge region de-
function of electron energy using the WKB approximat?én. creases. As a consequence, one can expect a maximum trans-
Figure 9 shows the result for three tip-sample distances ahjssjon current at some intermediate tip-sample distance, but
—3V sample voltage. The transmission coefficients throughot in the point contact. Figure 10 shows the transmission
the vacuum barrierat nonzero tip-sample distange®  coefficients integrated from the Fermi level of the tip up to
shown as dashed lines, the transmission coefficients througRe top of the valence band in the semiconductor bulk as a
the space charge region is shown as dotted lines and the tofginction of the tip-sample separation. The open symbols rep-

resent the integrated transmission coefficient through the

10° 7 ' space charge region only, whereas the filled symbols show
§9=045nmITT T vacuum, ] the transmission coefficient for tunneling through the
_ 107 soace charge’ vacuum barrier. The solid line indicates the combined trans-
5 L gcohm ] mission coefficient ?rough space charge region and vacuum
L barrier. For small tip-sample separations the valence-band
§ 1079 "_lV‘acuPr_\'\_‘ current is limited by tunneling through the space charge re-
g 1 i gion, whereas for large separation the vacuum barrier limits
2 10°9 4 the current. The result in Fig. 10 also shows that one cannot
g ] ] expect that the current increases by four to ten orders of
5 10°] ; magnitude solely by reducing the tip-sample distance from
- about 0.4—1 nm down to zero distan@®int contact One
E S rather can only expect about+ll order of magnitude cur-
a0 25 20 13 rent increase. This is in agreement with our observation in
energy (eV) Fig. 2.
FIG. 9. Transmission coefficient as a function of electron energy C. Tunneling under illumination
for three different tip-sample separations for a metal—-vacuum— . ) L .
semi-insulating GaAs system with-3 V applied to the semi- Illumination with white light excites electrons from the

insulating GaAs crystal. The dashed lines show the transmissio¥&lénce band into the conduction band in the near-surface
coefficient only through the vacuum barrier between the sample anegion. Although this effect increases the charge carrier con-
the tip. The dotted lines show the transmission coefficient onlycentration in the near surface region, the band bending at the
through the space charge region of the semi-insulating GaAs. Theurface is still controlled by the difference in work function
solid lines show the total transmission coefficient. Note that in thebetween the tip and sample materials. The increase in free
point contact the current is only limited by the tunneling of elec-charge carriergwith carrier inversion only increases the
trons through the space charge region. screening and thus decreases the extent of the band bending
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into the semiconductor bulk. This extent of the band bendindour orders of magnitude higher than previously achieved.
into the bulk is limiting the transmission, such that in the The experiments showed that at room temperature and in the
dark current can only flow at negative voltages. With illumi- dark, only the occupied dangling bond states localized at the
nation the screening is enhanced and tunneling through tha&rsenic surface atoms can be imaged. No tunnel current can
space charge region becomes possible at negative and pobe extracted at positive sample voltages without photoexci-
tive voltages. Note that illumination of the sample with white tation of carriers. From these experimental results we ex-
light increases the conductivity of the sample’s surface onlytracted, with help of simple model calculations, the physical
but not in the bulk. Thus the current observed now is stillmechanisms that allow the extraction of stable current in

limited by the carrier transport through the sample. STM configurations. At positive sample voltages no carrier
inversion occurs during scanning tunneling microscopy, be-
D. Point defects on semi-insulating GaAs surfaces cause the carrier system does not reach equilibrium under

. tunneling conditions. As a consequence no STM is possible
We observed only uncharged point defects on () at positive voltages without photocarrier excitation. At nega-

cleavage surfaces Of. seml—msqlatmg _GaAs. This is in CONgive sample voltages an accumulation layer is formed and
trast to the observation of a rich variety of charged point

defects and dopant atoms in cleavage surfaces of highl§{Jufﬁciently maintained under tunneling conditions. In the
doped I1I-V and 1I-VI semiconductor& In order to discuss nneling mode through a vacuum barrier the band bending

- S . then remains small enough such that tunneling from the oc-
the origin of such defects, we flrs_t |d_ent|fy thg defects. . cupied valence band of the GaAs surface into the empty tip
Each defect appears as one missing dangling bond, whic,

indicat scing As at In addit £ th ioh ates is possible. In the point contact mode the band bending
Indicates a missing As atom. In addition, one ot the NeIgN°gy o mains too large, such that no filled GaAs surface states
boring dangling bonds is raised. Such a signature can ha

| originsti) A d i lex h il ce empty tip states. Current flow is only maintained by
several ornginsil opantvacancy compiex has a simiiar tunneling through the space charge region. With illumination

_morphology?s but the concentration of carbon dopant atOmswith white light and subsequent photocarrier excitation, tun-
%eling through the space charge region in the point contact is
enhanced due to the increased screening and thus smaller
space charge barrier. The results show that as long as the
absolute resistance through the sample is still smaller than
‘the tunneling resistance of the vacuum barrier, semi-
. . ; ; ) > _insulating materials can be imaged including those found in
rise to one brighter dangling bond.nglghbonn.g {0 one MiSSgq tronic devices, without the need to excite carriers at high
Ing dangllmg bond. Furthermore, '.t is conceivable that thetemperatures or with light. Furthermore, the results show that
anion-cation vacancy pair Is electrically uncharg_ed, be_causgther low-conductivity materials without surface states in the
the anions and cat|o_ns are removed sto!chlometrlcallyband gap can also be investigated by STM without carrier
Schottky defects were indeed observed previouslyid) excitation, if the occupied states are imaged and the accumu-

cleavage surfaces of In3b. . : o S : .
. . lation layer is sufficiently maintained under tunneling condi-
If a defect would be charged on the semi-insulating GaAStion, such that the band bending is not too large. The limit of

surface, it would imply the presence of a charge carmery;g tunneling process depends on the material's properties,

However, the concentration of thermally excited carriers Ornotably the size of the band gap and the remaifiingnten-

of dopant atoms _is much 1oo low 1o accommode_xtg for t.he[ional) impurity doping and defect concentrations.
defect concentration on the surface. Thus for semi-insulating

GaAs uncharged defects are more stable than charged de-
fects, due to the lack of free charge carriers. This is consis- ACKNOWLEDGMENTS
tent with the observation of uncharged Schottky defects.

the defect must be a native defe@it) An isolated uncharged
anion vacancy has a symmetric structti@herefore the de-
fect cannot be an isolated As vacan¢ji) The observed
signature is, however, typical for a surface anion vacancy
cation vacancy paitSchottky defegt Such a defect gives
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for providing the samples, the Deutsche Forschungsgemein-

In summary, we demonstrated that stable atomic resoluschaft as well as the Director, Office of Energy Research,
tion in scanning tunneling microscopy images can beOffice of Basic Energy Research, Materials Science Divi-
achieved or{110 cleavage surfaces skmi-insulatingsaAs  sion, U.S. Department of Energy under Contract No. DE-
with resistivities as high as 1210" O cm, i.e., more than ACO03-76SF00098 for financial support.
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