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and band gap determination of GaA%110)

N. D. Jaer! E. R. Webe? K. Urban! and Ph. Ebett
Ynstitut fir Festkaperforschung, Forschungszentruriligh GmbH, 52425 Jiich, Germany
Dept. of Materials Science, University of California, and Materials Sciences Division, Lawrence Berkeley National Laboratory,
Berkeley, California 94720
(Received 18 November 2002; published 29 April 2003

Scanning tunneling microscopy and spectroscopy measurements on thel GhAarface with complemen-
tary theoretical calculations are performed to clarify the effects involved in the tunneling of unpinned semi-
conductor surfaces. We show that the flatband and tip-induced band bending as well as equilibrium conditions
are insufficient to describe the effects involved. Instead, carrier dynamics and conservation of momentum of
the tunneling electrons need to be taken into account for a complete description of the contributions of the
valence or conduction band states. The results allow us to understand the unique properties needed to achieve
the atom-selective imaging observed on these surfaces as well as the determination of the band gap energy.
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[. INTRODUCTION In this paper we first present the details of our experi-
ments(Sec. I) and our calculationgSec. ). In Sec. IV we
Chemically sensitive scanning tunneling microscopy hagpresent STM and STS results nriype GaAs, followed by a
attracted wide interest, but only a limited number of successdetailed discussiofSec. V). This discussion is divided into
ful examples demonstrated the ability to distinguish different/A) tunneling into empty states, where the resultgresidual
types of atoms within a surfade® One of the most promi- N-type) semi-insulating and highlyrdoped material differ
nent example is thé110) cleavage surface of I1-V semicon- significantly, andB) tunneling out of filled states. In Sec.. VI
ductors, where anions and cations can be imaged/® Presentour results grtype GaAs along with a detailed
separately?® This so-called atom-selective imaging is pos-discussion. Our findings on-type andp-type conducting
sible because at negative sample voltages electrons tunrglate”als allow us in Sec. VI to present a method on how to
from occupied dangling bonds localized above the anion etermine the band gap energy.
into empty tip states, whereas at positive voltages electrons
tunnel from filled tip states into the unoccupied dangling
bonds above the cation$!! However, this simple picture ~ For the present work we investigated various highly
assumes flat bands, neglecting the presence of a band beriddoped GaAs samples with silicon dopant concentrations
ing due to the proximity of the tip and applied voltage. Forranging from 1x 10" to 4x 10'® cm™® and p-doped GaAs
negative sample voltages, the tip-induced band bending lead@@mples with zinc acceptor concentrations frox 18" to
eventually to a population by electrons of the initially empty 3% 10*° cm 3, as well as semi-insulatin@l) GaAs contain-
cation-derived dangling bonds states in the conduction band?d 1.3X 10 cm® EL2 deep dc_mor’é‘ for comparison. The
Since these occupied conduction-band states encounterS@mples were cleaved in ultrahigh vacuum to expose a clean
lower-vacuum barrier than the occupied valence-band state@d defect-fre¢110 surface. On these surfaces we acquired
scanning tunneling microscopy images of the occupied surS¢@nning tunneling microscopy and spectroscopy data using

face states should predominantly show the cation-derive@ homebuilt systefi similar to that developed by Frohn

dangling bonds in the conduction band and not the anionSt al’In tﬁ"? design the scanning unit with a hig_h resonance
derived dangling bonds in the valence band. Thus atomf_requenq]/ is supported by a Viton stage, which itself is

selective imaging should be impossible @10 surfaces of placed into a vacuum chamber supported by pneumatic lami-

[lI-V semiconductors in obvious contrast to experimentalnar flow damping isolators. This ensures low-noise curren.t—
observationd®12:13 voltage spectra that were measured either at constant tip-

. . mpl ration or varying tip-sampl ration
In order to solve this inconsistency, we resumed the scarpampie sepa ation or at varying tip-sample separation to

- - . Increase the sensitivity following the method proposed by
ning tunneling microscopySTM) and spectroscopySTS Py .
measurements on Ga@d0 with complementary calcula- Feenstra® With the voltage applied to the sample, the STM

tions to clarify the effects involved. We show that carrier 'Mages om-type GaAs were acquired in the constant-current

dynamics and the conservation of momentum of the tunnelr—’nOde and the images omtype in constant-height mode.

ing electrons are crucial to allow an atom-selective imagin Spemgl care was tgken to QHOW the comparison of the regis-
of these surfaces. We identify the properties of material ry of images acquired at different voltages.

which wogld lead to the imaging of conduction-band states Ill. DETAILS OF THE CALCULATION

at all applied voltages. Furthermore, we demonstrate how to

determine accurately the magnitude of the band gap energy For a discussion of our results we calculated the positions
from scanning tunneling microscopy data. of the conduction-bandHg) and valence-bandg,s) edges

IIl. EXPERIMENT
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at the GaAs surface underneath the tip as well as the result- 10°
ing tunneling current. We based our calculation of the band
edge energies on the one-dimensional integration of Pois-
son’s equation described by Feenstra and Stréaind Sei-
watz and Greef’ but extended it in two significant aspects.
First, the Fermi energy in the bulk was calculated using
Fermi-Dirac statistics. Second, the procedure of Refs. 19 and
20 assumes equilibrium conditions for the carrier distribution
in the semiconductor. The discussion will show that this as-
sumption is not valid, and therefore we included the effects
of carrier dynamics by zeroing the minority and/or majority 107
carrier concentration at the surface. The tunneling current is
computed exactly as described by Feenstra and St'dscio
and Bono and Goott This model is based on the approach T .
by Tersoff and Hamarth and Selloniet al?? to integrate 3 -2 1 0 1 2 3
over all states between the tip and sample Fermi level times voltage (V)
the transmission coefficient. Parabolic bands are assumed for
the density of valence- and conduction-band states. The FIG. 1. Current-voltage data obtained in two measurements of
transmission coefficient through the vacuum barrier as welfighly n-doped GaAs(M, A) and one curve obtained on semi-
as through the semiconductor’s space charge region is estisulating GaAsopen circles At positive voltages current is only
mated using the WKB approximation. Thereby the vacuunfPserved on highiyr-doped GaAs, not on semi-insulating GaAs.
barrier is taken as trapezoidal modified by the image charg@h's current| o I8 due to electrons tunne!ln_g into the conduction
lowering. ba_nd. At negative voltages the currents originate from the accumu-
Our calculations were performed forxi10l8 cm=3 Si-  1lion layer.lae, and from the valence bantl

doped GaAs and semi-insulating GaAs containing 1.3 o . .
% 10' cm~2 deep donors. In both cases a background cardlong the[001] direction. For small magnitudes of negative

bon acceptor concentration of 480 cm™3, a work func- voltage.[Fig. 2(b)] the corrugationn is es_sential_ly the same as
tion of 4.5 eV for the metallic tip, a tip-sample separation of " Positive voltage and the obtained image is barely distin-
0.9 nm, and a tunneling area of 1 Amere assumetf Varia- ~ 9uishable from Fig. @). At high magnitudes of negative

tion of these parameters does not change the results qualitf2/t@ge the STM image displays a strong corrugation along
tively. the [001] direction and hence the atomic rows appear to be

oriented along th¢110] direction.
V. EXPERIMENTAL RESULTS FOR n-TYPE (ll)_Note _the §h|ft of the maX|m¢_51 of half a unit cell _along
CONDUCTING GaAs the[110] dlrect!on z_ind of apprommz_ately 1/3 of a unit ge_ll
along thg 001] direction between the image taken at positive
In Fig. 1 we show two different current-voltagé-{) sample voltage and the image taken-8.5 V.
curves obtained on th€l10) surfaces of highlyn-doped
GaAs. For comparison we also show one data set acquired
on semi-insulating GaAs that has residual-type V. DISCUSSION FOR n-TYPE CONDUCTING GaAs

conductiont* The curves exhibit a number of characteris- For the discussion we recall that at positifreegative
tics: (i) All current-voltage curves essentially overlap for yoltages, a flow of tunnel current requires that the tip’s oc-
sample voltage¥ <—2V. (ii) At positive voltages thé-V  cupjed (empty states must energetically face the empty
curves of the highly-doped materials essentially overlap. In (filled) states of the sample. This requirement is nontrivial
contrast, on semi-insulating GaAs no current can be obtaineghr semiconductors because of the band gap and the presence
below +5 V. (iii) The current obtained between 0 ard.5  of a tip-induced band bending. At first we briefly discuss the
V differs considerably between differentV measurements  sjtuation with no tip-induced band bending.
on the highlyn-doped GaA&l10 surfaces. The twd-V Current-voltage spectroscopy without any tip-induced
curves shown are chosen as examples to highlight the effegfand bending would exhibit at negative voltages current aris-
of the tip dependence. This is not an effect of the variation ofng from the sample’s filled valence-band states and at posi-
the doping level of the samples. tive voltages current due to electrons tunneling into the
Figure 2 shows a set of correlated high-resolution STMempty conduction-band states. The region in between with
images of the highly-doped GaAg110) surface acquired at no current should then have a width in voltage reflecting the
different voltages. The box marks a unit cell whose positionhgnd gap energy. However, this is mostly not observed as
relative to the atomic lattice is the same in each image. TwW®ne can see also in F|g 1 and in previous measuremafis.
effects are visible: (i) the morphology and orientation of First, the obvious differences between semi-insulating and
the apparent atomic rows is rotating afid the maxima are  highly n-doped GaAs show that one cannot extract the size
spatially shifting as a function of the voltage. of the band gajE, from the tunneling spectra as straightfor-
(i) For positive voltages the corrugation is strong alongward as implied previously. Second, clearly a current can be
the[110] direction and thus the atomic rows appear orienteddetected between 1.4 V<V<0 V, which makes it difficult

'- I n'+ GIaA's (I#1)'
A n" GaAs (#2)
o SI-GaAs

current (nA)
=
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a inversion

FIG. 3. Schematic band diagram of the metal-tip—vacuum-—
semi-insulating(Sl) and highly doped r{*-)GaAs tunneling junc-
tion at positive sample voltagésV). (a) Equilibrium case with free
holes gathered in the valence band at the surfaoesrsion. An
electron current flows from the tip states to the conduction-band
states of the semiconductorsg) and to the inversion layend ).

Iyc denotes the current from the inversion layer to the conduction
band.(b) Case without inversion. An electron current from the tip to
the sample flows only fon*-GaAs. Note the schematic is not to
scale. The extend of the band bending is much larger than the
vacuum barrier width.Ecs, Eys, Egg,, and Eg, are the
conduction-band edge at the surface, valence-band edge at the sur-
face, tip’s Fermi level, and sample Fermi level, respectively.

[110] © Ga
[001] * As the tunneling current.

theory*! cannot describe the details of the states involved in

FIG. 2. (8—(c) STM images of the(110 surface of highly
n-doped GaAs taken at various sample voltages indicated in the
images.(d) Schematic drawing of the arrangement of the (Ga The current-voltage spectrum of Fig. 1 shows that the
and As(®) atoms in the top layer of the GaA410 surface. The spectra ofn-doped and semi-insulating GaAs are signifi-
location of the box marks equal relative positions to the lattice incantly different for positive sample voltages, whereas they
each image. It spans the size of a GaAs unit cell of 0.56 nm by 0.4re matching for negative sample voltaged/ef —2 V. The
nm. same tendency has been observed for doping concentrations
[janging from 18° to 108 cm=3.23

A. Tunneling into empty states ofn-type conducting GaAs

to define properly the onset of the band edges, which shoul
be Eq/e=1.42 V apart, withe being the elemental charge.
Thus an interpretation with no tip-induced band bending is
not correct. The necessity to include tip-induced band bend- At positive voltages, tunneling current flows if the tip's
ing for the description of tunneling on semiconducting ma-Fermi level Eg q,) is energetically above the conduction-
terials has been addressed previoti3f? However, we will ~ band edge of the surface underneath the Hpgf. The ob-
show in the following that equilibrium conditions assumedservation of no tunneling current in the case of semi-
for the calculation of the amount of band bending are insufinsulating GaAs thus implies that the conduction-band edge
ficient to describe tunneling at positive sample voltagedEcg) is always above the tip's Fermi levekg ;) as sche-
(empty states imaggdor semi-insulating GaAs and highly matically outlined in Fig. &). In equilibrium this condition
n-type GaAs. Afterwards, we address tunneling at negativavould not prevail, because if the valence-band edge at the
sample voltagesfilled state imagesand in the band gap surface Eys) is above the sample’s Fermi levet{), holes
region, where we will show that plain Tersoff-Hamann will gather at the surface and an inversion will develop. This

1. Semi-insulating GaAs with residual n-type conduction
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S -GaAs Sl GaAs 1 and 28)]. The STM images at low positive voltages exhibit

4 1 acc. + no inv. — T apparent rows predominantly oriented along [tb@1] direc-
L";"chi‘l’j':nulaﬁon T . 1 tion [Fig. 2(@)]. This is the signature of the dangling bond or
3 - C; state in the conduction band, which is the lowest-lying

conduction-band state imagét?® The occurrence of a tun-
neling current on highly doped-GaAs indicates that the
- e o ] screening of the tip’s electrical field must be more effective
] than in the case of semi-insulating GaAs, such that the tip-
induced band bending is smaller. This could be either due to

no inversion _—. /

21 inversion

CB and VB energy at surface (eV)

oo ™ oo the possible existence of an inversion near the surface or due
04— . == 1 to the higher density of dopant atoms. The band edge ener-
5/ cB,n” gies for highly dopech-type GaAs are calculated in Fig. 4
A - / T Ees for both cases: screening only by dopafi® inversion,
E i solid lines and screening with the presence of inversion
¢ fezZ—accumulation <= Eu o (dashed lines For voltages below about1.8 V both curves
-2 7 / %-no accumulation | ' are identical, as the field is only screened by charged dop-
D:”/ p'” 1 ants. For higher voltages, inversion causes the bands to re-
B+ main at 1.5-2 eV above their bulk valueE{ ,,Evg ).
-6 -4 -2 0 2 4 6 whereas the bands continue to rise in case of screening solely
sample voltage (V) by donors(solid ling). In contrast to the semi-insulating case,

_ _ the tip’s Fermi level Eg 4p) is above the conduction-band
FIG. 4. Calculation of the conduction-banB{;) and valence- edge Eco already for Voltages as small as0.5 V well
band Eys) edge energies at the semiconductor surface of a metaky oy re inversion sets in. This permits tunneling of electrons
vacuum-GaAs system as a function of applied sample voltage. Seyz,, 1he tip into the empty conduction-band states for either
eral cases are_shown for. hightydoped € .)and Sem"'r.'swat'ng case—i.e., with as well as without inversidiFig. 3(a)

(Sl) GaAs: with and without accumulation at negative sampledashed "n’e]s The reason is the high density of dopantsy that
voltages and with and without inversion at positive voltages. Indi- an screen the field of the tip effectively. In the following we

cated by the bars on the right axis are the energetic positions of thed . . .
bulk valenceE,s, and conduction-ban&cg, edges, for the two will show on the basis of experimental as well as theoretical

materials. The Fermi level of the tipE( ;) lies on the dotted arguments th_at inversion does neither take place for highly
diagonal. All energies are given relative to the Fermi level of thedoped material.

sample. ) )

3. Absence of inversion
limits the band bending to about0.7 eV and allows filled Due to the high density of valence-band states, the screen-
tip states to face empty conduction-band stdfég. 3a)]. ing of the tip’s electric field is, in case of inversion, largely

The resulting band edge locations can be illustrated bettefominated by screening by holes in the valence band at the
with results of our calculation of the surface conduction- andSurface, because the hole concentration is much larger than
valence-band edges as a function of sample volt&ege 4). the dopant concentration. As a consequence, the tip-induced
Although these calculations are based on a one-dimensionffnd bending levels at 1.5-2 e¥ig. 4, above+1.5 V),

model, the main features can be discussed correctly. Fdtecause small band bending changes induce large changes in
semi-insulating GaAs and small positive bias<(0<  the hole concentration. The saturation of the band bending

+0.7 V) the electric field of the tip is screened by chargedl€@ds to a sudden increase of the number of conduction-band

deep donors. The conduction-band edfeg) rises almost States facing fiII_ed tip states. Thus the t_unnel current would
directly with the applied bias and therefore always stayd’@ expected to increase suddenly once inversion takes place.
above the tip's Fermi levelH ;) (Fig. 4, W). For voltages This would lead to a kink in the current at the onset of
greater than about-0.7 V, the valence-band edgd(s) inversion(about+1.5 eV) as can be seen in the calculation
crosses the sample’s Fermi level. At this point under equilib®f the tunneling current in Fig. 5. However, such a kink
rium conditions, inversion sets in and the band edge posi¢annot be observed experimentallyig. 1), in agreement
tions essentially remain fixe(open squares Thereby the with previous data® The absence of inversion can be further
tip's Fermi level Er ;) rises above the conduction-band corroborated on the basis of the doping-dependent measure-
edge, in which case tunneling would be allowed. WithoutMents. As shown in Fig. 4, the positions of the valence- and
inversion (M) the bands continue to rise directly with the conduction-band edges at the surface are in the case of in-
applied voltage and thus the conduction-band edge alwayéersion independent of the donor concentration. Thus the

stays above the tip’s Fermi level. Hence one can conclud&!nnel current at larger positive voltages should be indepen-
that inversion does not occur in semi-insulating GaAs. ~ dent of the doping concentration. This disagrees with our
results (Fig. 1) and with previous studi€S. In summary,

there is no experimental indication of inversion taking place.
This conclusion can be further corroborated theoretically.
In contrast to semi-insulating GaAs a tunneling current islf inversion is present, electrons should be able to tunnel into

detected at positive voltages on higydoped GaAgFigs.  the emptied valence-band states at the surface. We calculated

2. Highly n-doped GaAs
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10" 3 v T . T v 3 significantly smaller than the transmission coefficient for
] ] electrons tunneling from the tip into the emptied valence-
10° o ' ] band states at the surface of about B0 8, because the
3 with inversion -3 width of the depletion zone of about 40 nm is much larger
- ] than that of the vacuum barrier of 0.9 nm. Therefore, an
3 inversion cannot be maintained by electrons tunneling from
the inversion layer through the space charge region into the
E bulk conduction-band states.
onset of inversion 1 The above discussion shows that no inversion occurs on
3 n-type GaAs or semi-insulating GaAs in the STM configu-
] ration at positive voltages. This is only due to the fact that
r under tunneling conditions, no equilibrium state is reached.
inv E The tunnel current is largely determined by the carrier dy-
_ : , ./_—— namics in the GaAs samples. Because the tip’s field is only
0 1 2 3 screened by charged donors, the conduction-band edge posi-
sample voltage (V) tion at the surface as well as the magnitude and onset of the
tunneling current is dependent on the doping concentration at
FIG. 5. Calculated tunneling currents for the metal-tip— positive sample voltage, as observed experimentally.
vacuum-n"-doped GaAs tunneling junction at positive sample
voltage._l cg denotes the electron c_urrent from the tip in to empty B. Tunneling out of filled states ofn-type conducting GaAs
conduction-band states of the semiconductor. Two cases are shown
for higher voltages: tunneling with the possibility of inversion 1. Presence of an accumulation layer

(dashed lingand without inversiorisolid line). The tunneling cur- . . )
rent of electrons tunneling from the tip to the empty valence band At large magnitudes of negative sample voltages the mea

states in case of inversidsee Fig. 8] is denoted,, . surgd currents es;entially do nOF .diﬁer f.or a bro.ad range of
n doping concentrations from semi-insulating to highly doped
GaAs(Fig. 1). This is corroborated by Ref. 23. Therefore the
that this current i) is about 3.5 orders of magnitude energetic position of the valence-band edge shifted by the
smaller than the current into the conduction bahgg) as tip-induced band bending has to be alike for all doping
shown in Fig. 5 due to the larger vacuum barrier. Nevertheconcentrations. Thus the screening mechanism must be simi-
less, this current must be maintained by holes reaching thigyr, independent of the doping level. In principle, there are
inversion zone at the surface. Otherwise, the inversion breakg,o screening mechanisms for negative sample voltages:
down. There are two channels by which holes could reaclcreening by residual acceptors or by free electrons accumu-
the surface: transport by drift from the bulk valence bandated at the surface.
or electrons tunneling from the valence band to the conduc- The concentration of residual acceptorsidoped GaAs
tion band through the semiconductor’s space charge regioR typically below 16° cm™2. Thus, if the tip’s field is solely
[seelyc in Fig. 3@]. screened by charged acceptors with such low concentrations,

We first discuss the first channel. The maximum drift cur-one would expect a strong band bending. We also calculated
rent density that can be expected by transportJjs thatin this case the tip's Fermi leveE¢ y;,) would energeti-
=ev, ma), With e being the elemental chargey, max the  cally always be above the valence-band edge at the surface
maximum drift velocity of holes, ang the hole concentra- (dotted line in Fig. 4, yielding a situation as shown sche-
tion in the bulk. The hole concentration is given oy  matically in Fig. &b). Thus no filled valence-band states face
=n?/n, with n; the intrinsic carrier concentration amlthe  empty tip states and no current can be extracted from the
concentration of free electrons. If we assume drift velocitiessalence-band states. Since we assumed only screening by
in the order ofvy, na=1X10" cm/s(Ref. 26 and free elec- charged acceptors and not by free electrons accumulated at
tron concentrations ofi=Np, the donor concentration, we the surface, the conduction-band states remained empty and
obtain a current density of not more than fmAcm2. no current can be extracted from those states either, although
This is 19 orders of magnitude smaller than the current denthe tip's Fermi levelEg y, would be below the conduction-
sity of the tunnel current into the emptied valence-bandband edgdss[Fig. 6(b)]. However, the clear observation of
stategmore than 18" nA cm™2). Thus even a geometric fac- a tunnel current at negative voltagésgs. 1 and 2requires
tor (localized tip or a lower free electron concentration can- filled semiconductor states to face empty tip states. This can
not increase the drift current enough to accommodate thenly occur if free electrons accumulate at the surface for all
transport of the holes necessary to maintain inversion. doping concentrations including semi-insulating GaAs.

The second channel, which would allow holes to reach the Further evidence for electron accumulation at the surface
surface, is based on electrons tunneling from the valences found in the current-voltage data of Fig. 1 and Ref. 19 as
band states through the space charge region into conductionell as in the STM images of Fig. 2. Figure 1 shows that a
band state$lc in Fig. 3@]. Using the WKB approxima- current can be detected for voltages in the range-6f5 V
tion, we calculated the transmission coefficient for this path>V>—-1.4V, i.e., at voltages for which the tip's Fermi
to be about X 10 2° for electrons at the top of the surface level is above the bulk valence-band edge and in the GaAs
valence-band edge and-aB V sample voltage. This value is band gap. Since no surface states exist in the band gap, all

no inversion 1

current (nA)
=
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@) accumulation 10 ' '
o experiment
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(b) no accumulation :

g 1 oo

3 2 1 0
sample voltage (V)

FIG. 7. Calculated tunneling currents for the metal-tip—
vacuum-n*-doped GaAs tunneling junction at negative sample
voltages compared to the experimentally observed cufrent | 5.
denotes the electron current originating from the accumulation layer
[see Fig. 6)]. I,z denotes current originating from the valence
FIG. 6. Schematic band diagram of the metal-tip—vacupm— band.

doped GaAs tunneling junction at negative sample voltages . .
(eV): (a) equilibrium case with free electrons gathered in the con-the density of states of the conduction-band states and not

duction band at the surfadaccumulation and (b) case without —anymore by the dopant atom concentration, because the latter
accumulation. Note the schematic is not to scale: The extent o6 much smaller than the density of states of the conduction
the band bending is much larger than the vacuum barrier wigith.  band. As a result, the band bending and energetic positions of
andl, denote the current from the conduction band and from thethe band edges at the surface are only weakly dependent on
valence band to the empty tip states, respectily, Evs, Er p. the applied voltagéFig. 4). Thus the valence-band edge at
andEg, are the conduction-band edge at the surface, valence-barttie surfacefs, is above the Fermi level of the tie g, for
edge at the surface, tip's Fermi level, and sample Fermi level, revoltagesV<—1.75 V (Fig. 4), where our calculations show
spectively.®,.., is the difference in the band edge energies at thea tunneling current out of the valence bdmgg in Figs. §a)
surface and the bU”(DF'n is the difference between the Fermi level and ﬂ Therefore, the tunnel currents seen at negative Volt-
and the conduction-band edge in the bulk. agesV<-—1.75V are practically identical for all doping
concentrations, in agreement with the experimental current-
current in this voltage range must originate from conductionvoltage data of Fig. 1 and Ref. 23.
band states. This is corroborated by the contrast and registry Experimentally, the current out of the valence band is evi-
of the STM image measured at1.5 V [Fig. 2b)]. In both  dent in the STM images as well as in the current-voltage
images the apparent rows of maxima are oriented along th@ata. The experimental current-voltage curves on highly
[001] direction and the maxima appear at nearly exactly the\-doped GaAgsee Fig. 1 and Ref. 3%how a shoulder at
same spatial positiorisee box in Fig. 2 We conclude from  the expected voltagé~—1.75 V) for the onset of the
this that Figs. 2a) and 2b) show both theC; state. In Fig.  valence-band current. We also find at higher negative sample
2(a) electrons tunnel into the emp@; state, whereas in Fig. voltages that the imaged maxirfféig. 2(c)] display a shift of

2(b) electrons tunnel out of th€; state occupied by free 4pouta/3 in the [001] and a/(2%?) in the [110] direction
electrons due to the presence of the accumulation layer. Th%mpared to the images at low negative voltages as well as
an accumglgtion Iayer_ gxists under tunne]ing conditions. positive voltagegFigs. 4a) and 2b)], with a being the lat-

In equilibrium conditions an accumulation layer developsiice constant. Obviously, the surface states imaged at low and
for voltages at which the conduction-band edge at the surfacgigh negative voltages are not the same. The shift in registry
Ecsis equal to or below the sample’s Fermi lewsl. This  cqrresponds exactly to the shift expected between the anion
happens at voltages &f~—(®p—xsd/e~—0.5V, with  anqg cation sublattices. In addition, the strong corrugation
@, being the metal work functionysc the semiconductor’s  410ng the[001] direction leading to apparent atomic rows in

electron affinity, ands the eIemerjtaI charge. Thus tunneling ngO] direction in Fig. Zc) indicates that the anion-derived
of electrons from the accumulation layer can be expected t iedA. danaling bond in th | band is |
start for voltages/< — 0.5 V (I oocin Fig. 7) occupiedAs dangling bond state in the va encze5 and is im-
' acc e aged athigh magnitudesf negative voltage&?® whereas

the C; state is imaged amall magnitudesf negative volt-
ages. From these results it becomes obvious that the so-

In the presence of an accumulation layer at the surface inalled atom-selective imagifiy—i.e., the observation of the
the STM configuration, the band bending is determined bychange in registry between states in the conduction- and

2. Valence-band contributions to the tunnel current
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valence-band states—is only possible for carefully selected -
voltages. This is because at low negative voltages the current
is carried by electrons tunneling out of filled conduction-
band states, whereas at high negative voltages the tunnel
current is dominated by electrons tunneling out of valence-
band states.

3. Importance of carrier momentum

It is important to realize that the experimentally observed
tunneling current at sufficiently high negative voltages is
composed of electrons tunneling out of the accumulation
layerandtunneling out of valence-band states. However, the
experimentally observed domination of the valence-band
current is in contrast to theoretical expectations: The cur-
rent out of the conduction-band statkg,, should be at least
one order of magnitude larger than the current out of the
valence bandlg (see Fig. 7. This is due to the fact that
electrons tunneling out of the conduction-band states feel

§maller vacuum barrier height as com.pared to those tunnel; g oc (©), (d) sample voltage(e) Schematic drawing of the
ing out of the valence-band stafse Fig. 6a)]. Therefore,  ;angement of the GED) and As(®) atoms in the top layer of the
one would expectcg to dominate at any negative sample gaas(110) surface. The location of the box marks lattice positions

voltage. This is in contrast to the experimental observatiofigentical in each set. It spans the size of a GaAs unit cell of 0.56 nm
that tunneling out of valence-band states dominates at suffpy 0.4 nm.

ciently large negative voltages.

There are several possible reasons for the tunneling Cughe accumulation layer for different tips, which otherwise
rent component out of the conduction band to be signifishow identical valence- and conduction-band-derived cur-
cantly smaller than expected: a kinetic limitation in the rents. This can be understood on the basis of tips accommo-
transport of free electrons to the surface, a limitation by thEUating better or worse electrons with large momentum paral-
thermalization of these electrons into the accumulation layelg| to the semiconductor surface.
or a reduced tunneling probability through the vacuum bar-  on basis of the importance of the momentum conserva-
rier. We do not expect the first two reasons to be tip depention in reducing the tunnel current extracted from the accu-
dent. In addition, the transport of free electrons toward thenylation layer at negative voltages, we can conclude that the
surface can be estimated in analogy to the drift of holes ahossibility of an atom-selective imaging ofdoped 11I-V
positive voltages. A rough estimate shows that the drift curcompound semiconductqd10) surfaces depends crucially
rent is high enough for all doping levels investigated, be-gn the presence of an indirect surface band gap. If the mini-

ot the rate Imiing factor, Th Ieaves the possibilty of a 1 Of the empiCs surface state would be at tRépoint

reduced tunneling probabiiity of the surface Brillouin zonédlrgct surface band gaa,p_xhen
In the tunneling transmiséion coefficient of our modelthe current from the accumulqtlon layer would dominate the
STM images at all negative voltages and only the

used, Wh'(.:h IS ess_entlally l?aSEd on the Tersoff_— Hamann a conduction-band surface states located at the cations would
proach of interpreting STM imagéSywe only considered the

energy dependence, but neglected momentum conservatiobe imaged _mde_:pengient of the vqltage. As a consequence,
The momentum of’electrons wnneling from the Surfaceartlfom-selectlve imaging would be |mp05_5|ble. This situation
through the vacuum barrier to the tip must be conserved: i ecould be the case for some II-Vl semiconductor cleavage

9 P " ““surfaces, e.g.n-doped ZnSg110), where the few calcula-
the_tlp must have states able to a_ccommodate electrons W'ﬁbns of the surface band structure available suggest the pos-
a given momentum. The lowest-lyir@; surface state on the

(110 surface of most IlI-V compound semiconductors is lo- sible presence of a direct surface band g

cated at theX point of the surface Brillouin zon&? The

wave vectok of this state has a nonzero momentum parallel VI. RESULTS AND DISCUSSION FOR p-TYPE GaAs

to the semiconductor surface, unIike_eIectrons from the top The tunneling conditions fop-doped GaAs are essen-
of the valence band, which are at thepoint. We propose tially analogous to the case nfdoped GaAgexchange posi-
that therefore tunneling out of the accumulation layer is hintive and negative voltages, as well as accumulation and in-
dered by the inability of sharp tips to accommodate this moversion. In the following we will thus point out only the
mentum. This also infers that the current component out otharacteristics specific o-type surfaces.

the accumulation layer in the conduction band is sensitively Figure 8 shows two sets of correlated high-resolution
dependent on the tip’s apex and its momentum-resolved der$TM images of the highlyp-doped GaAg110 surface ac-
sity of states. Indeed, as shown in Fig. 1, we observed largguired at+0.95 and+2.0 V. The box marks a unit cell,
differences in the magnitude of the current extracted fromwhose position relative to the atomic lattice is the same in

FIG. 8. Sets of STM images of thel10) surface of highly
-doped GaAs taken at2.0 and+2.0 V (a), (b) and —0.95 and
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—
v 3x10"%cm®

+1.42 V. Therefore, the current observed 80.9 V=V=
o 1x10™cm® +1.42 V in Figs. &) and 9(taken from Ref. 19as well as
a 3x10™®cm® Ref. 35 is due to electrons tunneling from the tip to valence-
% band states. The tunnel current at higher positive voltages is
composed of two components: tunneling into empty
¥ | conduction-band states and tunneling into emptied valence-
vo v ©CB band states. However, because the electrons tunneling into
9 the conduction band have a larger transmission coefficient
S due to a smaller vacuum barrier height compared to those
95‘59 tunneling into the valence band, the first dominate in the
STM images and in current-voltage curvésg. 9. There-
fore, in Fig. 8b) the morphology of th€; state is seen. The
’ . — difference of the currents into the empty conduction and va-
3 2 -1 0 1 2 3 lence bands can be estimated to be three to four orders of
magnitude. This is similar to the difference betweegp and
liny in Fig. 5 for the case ofi-type GaAs.

FIG. 9. Current-voltage data obtained orx 301 cm™3 (V), At this stage it is should be noted that the small transmis-
1X 108 cm™2 (O), and 3x 10° cm~2 (M) dopedp-type GaAs. The  sion coefficient for tunneling into and out of the valence-
data for the 10 cm~3 doped sample is taken from Ref. 14. Al band states fop-type GaAs requires at voltages between
curves are normalized to 0.2 nA at2 V. The curves essentially —0.5 and+1.4 V small tip-sample separations in constant-
overlap for positive voltages, whereas at negative voltages they areurrent images. These small separations can cause tip-sample
dependent on the doping concentration. At voltayes+1.4V, interactiond® such that the gallium atoms are pulled out.
the current ¢z is dominated by electrons tunneling into the conduc- Deformations of the surface bonds push the surface states
tion band. For voltages 0¥V<+1.4V, the current ... consists  energetically into the band gdpand thus the images often

of electrons tunneling into the accumulation layer. For negativedisplay the anion and cation sublattices simultaneotisty.
voltages the tunnel current stems from electrons tunneling out of the
valence bandl{sg).

current (nA)

sample voltage (V)

VIl. DETERMINATION OF THE BAND GAP ENERGY

each set. The effects visible are analogous to those observed without the tip-induced band bendir(fjatband assump-
onn-type GaAs: At high voltagefFigs. 8a) and 8b)] the  tion) a current-voltage curve would exhibit no current over a
morphology and orientation of the apparent atomic rows roygjtage range matching exactly the band gap energy divided
tates and the maxima are spatially shifting with opposite pohy the elemental charge. The previous discussion has
larity. At negative voltages the atomic rows appear oriente@jearly shown that tip-induced band bending modifies this
along the[110] direction, whereas at2.0 V they appear simple picture. Thus the question remains as to how to ex-
oriented along001]. For small magnitudes of voltage the tract the band gap energy from current-voltage spectroscopy
contrast and registry are essentially the same for either palata.
larity [Figs. 8c) and &d)]. In the following we will show that the band gap energy
At negative voltages, no inversiggathering of electrons E, can be quite reliably obtained grtype material from the
at the surfacecan be expected for the same reasons as thossrong (second onset of the current at positive voltages. In
discussed forn-doped material at positive voltages. For Fig. 9 this is the onset af,~+1.4 V. As discussed above
p-doped GaAs the free electrons cannot be transported fromnd schematically drawn in Fig. 10, at this voltadg the
the bulk of the semiconductor to the surface. Therefore, onlfFermi level of the tipEr y, rises above the conduction-band
valence-band states are imaged at negative voltages. Thisdglge at the surfac&cs. Thus V, can be written asv,
corroborated by the morphology observed in Fi¢p) 8hat =Egle—®p y+ Dyecp(Vp), with d, the difference be-
shows rows oriented alorig 10], which is characteristic for tween the Fermi level of the semiconductor and the bulk
tunneling out of the anion-derived occupigdy dangling Vvalence-band edge, amdel,.. (V) the amount of band bend-
bond state in the valence bafftf®In addition, the tunneling ing in accumulation at voltag¥ (Fig. 10. Because of the
current is strongly doping dependefftig. 9), because the high density of states at the valence-band edge,.,/dV
tip’s electric field is screened by the charged acceptors.  ~0 and® ,.,(V,)~®¢ ,<E4 at the onset of accumulation.
For a tunnel current at positive voltages, the filled states'herefore,V,~E,/e. In addition, the onset af,, is strong,
of the tip must face empty conduction- or empty valence-becausd . is, due to the small tunneling coefficient, small
band states. Holes in the surface valence b@udumula- enough not to obstruct the ongsee Fig. 9. Notice that the
tion) can be expected starting at voltages at which thensetV, is essentially independent of the doping concentra-
valence-band edge at the surface rises above the sampldien, which is a requirement for an appropriate determination
Fermi level. This happens a¥~—(®,—xsd/e+Eg/e  of the band gap energy.
~+0.9 V. With an accumulation layer formed, the band In principle, one would expect to obtain the band gap
edges at the surface remain just slightly above their bullenergy in a symmetric manner amtype GaAs, as—V,
values for even higher voltages and the tip’s Fermi level rises=Eg/e— ®¢ ,+ P ,ccn(V,) (Fig. 6. However, two factors
above the surface conduction-band edge Ver +E4/e= complicate the determination of the band gap energy on
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under tunneling conditions between a metal tip artype
GaAs (110 surfaces at positive voltages. Thus all semicon-
ductor states involved in the tunneling at positive voltages
E. are conduction band related fortype GaAs. We also pre-

sented experimental and theoretical evidence that accumula-
tion occurs at negative voltages foitype GaAs. A simple

accumulation

i Dace. model that neglects momentum conservation would predict

E ’ that tunneling out of conduction-band states would dominate

> /,,g/i D, over tunneling out of valence-band states and that conse-
f/éf/’%% quently atom-selective imaging would not be possible on

n-type GaAs. The discrepancy can be resolved if momentum
) . ) conservation is included in the description of the tunneling
FIG. 10. Schematic band diagram of the metal-tip-vacupm-— ., ot hetween the Gaf40) surface and a metal tip. For

doped GaAs tunneling junction at the positive voltailg), which = w0 4y he Gaag110) surface atom-selective imaging is pos-
corresponds to the onset of tunneling into the conduction band. Thgible because at negative voltages all tunnel current origi-
case with hole accumulation is shown.. andl g denote the cur- ' 9 9 9

rent from the filled tip states into the empty valence- and nates _from the valence band ar_'d at large po_sitive VOltag.eS
conduction-band states, respectiveby,, is the difference in the tunneling c_urrep_t to the conduction band dor_nlnate_s. This is
band edge energies at the surface and the i, is the differ- due to the inability of the surface to form an inversion layer
ence between the Fermi level and valence-band edge in the bulRt N€gative voltages and because electrons tunneling into the
Eg. Er.gp, andEg, are the band gap energy, tip's Fermi level, and conduqtlon band see a vacuum barr'lgr lower than those tun-
sample Fermi level, respectively. neling into the valence band at positive voltages. Based on
the physical understanding of the states involved in the tun-
ntype GaAs. First, ®,cn(Vn)>Prq(Vy), because neling, we also developed a method to extract the band gap

d®,.,/dV is not negligible due to the smaller density of €Nergy at unpinned surfaces.
states at the conduction-band edge compared to the valence-

band edge. Second, the stronger current compongnbb- ACKNOWLEDGMENTS
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