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Photoelectrical properties of semiconductor tips in scanning tunneling microscopy

M. W. J. Prins} R. Jansen, R. H. M. Groeneveld, A. P. van Gelder, and H. van Kempen
Research Institute for Materials, University of Nijmegen, Toernooiveld 1, NL-6525 ED Nijmegen, The Netherlands
(Received 26 July 1995

We describe a model as well as experiments on the electrical properties of a photoexcited tunnel junction
between a metal and a semiconductor material, as is established in a scanning tunneling microscope. The
model treats the case in which carrier transport is mediated by capture and relaxation in the semiconductor
surface states. In the semiconductor, majority carrier transport is determined by thermionic emission over the
Schottky barrier and subsequent surface recombination. By optical excitation an additional minority carrier
current is generated. The voltage that develops on the semiconductor surface is determined by the balance
between majority and minority carrier current in the semiconductor, and the current across the tunnel barrier.
We present model calculations of tlreonplanay band-bending profile in the semiconductor, which indicate
that the subsurface electric field operates as an electrical lens that can focus or defocus the current. Measure-
ments were performed with moderately doped GaAs tips or samples prepared by cleavage. Continuous as well
as modulated photoexcitation was used. Relationships are determined between tunnel current, applied voltage,
incident optical power, and tip-sample distance. The experimental results are well described by the model that
includes carrier capture in the semiconductor surface states. It is shown that the sensitivity of the tunnel current
to small variations in optical power is determined by the ratio of the tunnel barrier conductance to the Schottky
barrier conductance. The implications for near-field optical imaging and spin-polarized tunneling with semi-
conductor tips are discussed.

I. INTRODUCTION present results on the relationship between tunnel current,
applied voltage, incident power, tip-sample distance, and
Since its invention, the scanning tunneling microscopesensitivity to small variations in light power. The results are
(STM) (Ref. 1) has been used for studies on semiconductoeompared with our model calculations. Finally, we draw con-
materials. Initially, these studies were mainly concerned wittelusions on the internal transport mechanisms in our junc-
the determination of the atomic arrangement at semicondudions, and discuss the consequences for the usage of optically
tor surfaces, but soon thereafter the spectroscopic capabiliti€Xcited semiconductor tips in a STM.
of the STM were applied in order to reveal information on
the semiconductor energy barfdSrom these investigations Il. ELECTRO-OPTICAL MODEL

it appee_lred that the current flow throu_gh the semiconduc_tor For more than a century, the electrical properties of metal-
can seriously be affected by the STM-induced band bending, g |ator-semiconductor junctions have been investigated in
in the semiconductor subsurface region, most notably withjie\w of their rectifying behavior and photonic applications
semiconductors of low doping density. (for excellent textbooks see Refs. 1231%hese investiga-
When irradiating the semiconductor material with light, tions were mainly concerned with solid-state junctions hav-
the produced electron-hole pairs are separated by the interniglg a planar geometry. Model calculations on semiconductor
electric field of the band-bending region, in this way produc-devices are complicated by the fact that electrostatic effects
ing a surface photovoltage and the possibility to draw a cur{band-bending and carrier transportelectron distribution
rent without applying an external voltage. Hence, the semifunction, electrochemical potentjahre strongly coupled. In
conductor band-bending profile influences the results o&ddition, transport of majority as well as minority carriers
photoexcitation in a sensitive way. Photoexcited STM studiefias to be considered. In order for the calculations to be trac-
have been conducted with the semiconductor material as thable, usually important assumptions are made. In devices
sample® but more recently also as a tip material photoex-with a very thin insulating layer that is of negligible resis-
cited semiconductors have been subjected to investiggance, one can assume that the semiconductor surface is in
tion>~’ These tips hold special attraction with regard toequilibrium with the metallic electrode. When the insulating
near-field optical imagirfyand as sources of optically ori- layer strongly inhibits the current flow, one may assume that
ented spin-polarized electrofist! the semiconductor surface is in equilibrium with the semi-
In this paper, we intend to develop a thorough understandeonductor bulk. In a STM, the conductance of the tunnel
ing of the current transport properties of photoexcited semijunction is an adjustable parameter; often we cannot use one
conductor materials in the STM. The outline is as follows.of the above limiting cases, and a more general treatment is
First, we present a model on electrical transport in a photorequired.
excited metal-semiconductor STM junction for continuous as In Sec. Il A, we will present a model for current flow in a
well as modulated irradiation. The model includes the influ-photoexcited metal-semiconductor tunnel junction, where
ence of surface states on the semiconductor surface. Themew the surface electrochemical potential is a free parameter.
after, we show experimental data taken with moderatelyThe main assumption underlying this model is that the cur-
doped GaAs £102m~3) under ambient conditions. We rent flows via the surface states on the semiconductor sur-
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zero electrical potential, the metallic electrode at the exter-
nally applied voltage/,,,. The so-called surface or interface
states within the forbidden energy gap are caused by the
reduced symmetry of a surface as compared with the bulk, or
by a modified chemical composition at the surface. For ex-
ample, under ambient conditions GaAs forms a noncrystal-
_________ 120 line native oxide with a high density of surface states and a
thickness of about a nanometet the semiconductor sur-
face, we have indicated the surface electrochemical potential
¥_ V. This potential can properly be assigned if the surface
carriers are in thermal equilibrium. Because currents are
ke | flowing in the junction, strictly speaking this assumption is
d w invalid. But since the processes of carrier capture and relax-
ation are generally very efficient at surfaces with surface
FIG. 1. One-dimensional electronic energy diagram of a tunnektated® e presume that the occupancy of the surface states
junction between a metal and a semiconductor. Indicated are th@beys the Fermi-Dirac distribution. As can be seen from the

tunnel barrier height ®,), the Schottky barrier heightd(s), the ~ fjo;re  the total band bending in the space charge region is
band-bending voltageW,,), the difference between the Fermi level given by

and majority carrier band edge in the semiconductor bglk the
voltage applied between the metal and the semiconductor bulk Vip=®— V- &, 1)
(V). and the semiconductor surface electrochemical potential
(Vg). Along the vertical axis, the parameters are defined in voltsywhere ®, is the electrostatic Schottky barrier heigtin
The metal-to-semiconductor separatiad) (and the depth of the yolts), and ¢ is the difference between the Fermi level and
band-bending regionw) are indicated horizontally. The picture is the majority carrier band edge in the semiconductor bulk.
not on scale, because, in genemalis more than an order of mag- ¢ _ js defined as the difference between the surface quasi-
nitude larger thard. Fermi level and the position of the majority carrier band
edge at the semiconductor surface. In the following, we will
face, instead of directly from the metal into the semiconducassume thalV,,|>kgT/e, and that the surface quasi-Fermi
tor conduction or valence band. The incorporation of surfacgevel remains between the conduction and valence band
states into a model description is particularly important whenedges at the surface.
considering semiconductor tips, because at the tip apex sur- Schottky majority carrier flowConcerning majority car-
face states are present due to the strongly reduced crystallger transport through the Schottky barrier, we will limit the
graphic symmetry(so even in a well-controlled environ- model to the case where the dominant transport mechanism
menj). Another important consideration stems from the factis given by thermally assisted emission of majority carriers
that in a STM the dimensions of the tunnel barrier are farover the barrier and subsequent recombination at the surface
smaller than the typical depth of the band-bending region ifithe notions of majority and minority carriers refer to the
the semiconductor. Due to this fact, the profile of the bandcarrier types as encountered in the semiconductor) bBtk
bending region will strongly deviate from planar symmetry. high-mobility semiconductors this is not a very strong limi-
In Sec. Il B, we will present calculations of the band-bendingtation. For example, at room temperature majority carrier
region in a semiconductor material, for the case that a tunnetansport in GaAs Schottky barriers is dominated by this so-
junction is established on a planar semiconductor sample, aglled thermionic emission at doping densities of the order
well as for the case of a semiconductor shaped as a tip0**m~=3 or lower. Following the thermionic emission
Fina“y, in Sec. Il C, we will present a qUaSi'One-dimenSionaltheory, the density of Curren]s f|OW|ng from the semicon-
model for direct as well as displacement currents resultingjuctor surface to the bulk is given 1y**
from modulated photoexcitation.

tunnel
barrier

metal semiconductor

=
o

v

Js=Jo[exp(BVs)—1], Jo=qNuv,exp(—BPy), (2)

whereJ, is the saturation current density, is the semicon-

In a metal-semiconductor tunnel junction, a metallic and aductor doping density,, is the effective recombination ve-
semiconducting material are separated by a tunnel barrielocity at the potential energy maximum of the barrier, and
Due to work function differences, surface charges and thg=0a/kgT. Here kg is the Boltzmann constant, afdis the
application of voltage to the junction, a space charge layetemperature. The parametgequals+e if the energy bands
(depletion layer is generally formed in the semiconductor are bending upward toward the surfa@es in Fig. ) and
subsurface region. Hence we are confronted with a seriat-e if the bands are bending downward, wherés the ab-
arrangement of two barriers: a tunnel barrier and a so-calledolute magnitude of the electronic charge. In mosype
Schottky barrier. In Fig. 1, we have drawn the one-semiconductors the energy bands are bending upward toward
dimensional energy diagram for a planar tunnel junction withthe surface, such thabs>0, £>0, andg = +e; in most
an n-type semiconductor. Indicated are the conduction ang-type materials the bands are bending downward and these
valence band edges in the semiconductor bulk, the bandhree parameters are negative. The exponential factors in Eq.
bending region in the semiconductor, the surface states of2) cause the well-known rectifying current-voltage charac-
the semiconductor surface, the tunnel barrier, and the metaferistic of a Schottky diode: if8V;>0, the band-bending
lic counter electrode. The bulk of the semiconductor is atmagnitude is decreased and the Schottky barrier is operated

A. Planar junction
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@n forward bias, wh_erea; iBV<O, the band bending is v, =V — ¥ V—[1— y— ys]Vs With VO, =02—¢.  (5)
increased and the diode is reversely biased. In case the actua

process of thermionic emission is limiting the majority car- The first term /{,) represents the band bending in the equi-
rier transport(as in metal-capped Schottky diodes without alibrium state. The second term describes the dependence of
tunnel barriey, the effective recombination velocity is given the band bending on the external biag,j. In case of a

by A** T?/[eN], where A** is the modified Richardson limited density of surface states, the semiconductor subsur-
constant? For example, in a metal-GaAs Schottky diode of face region is not completely shielded from the metal, such
102 m~ 2 doping density, the effective recombination veloc- that the applied bias influences the band bending in the semi-
ity is of order 10’ ms~1. At free or oxidized semiconductor conductor by a capacitive coupliig®?® The third term
surfaces, the recombination is generally less efficient, implytakes account of the band bending caused by the drop of
ing that surface recombination instead of thermionic emiselectrochemical potential across the Schottky barriéy) (
sion limits the current flow. The surface recombination ve-that is nonzero only in case of current flow in the semicon-
locity is of order 10 ms™?1, for example, in the native oxide ductor. The prefactorl— y,— ys] equals zero if there are no
on GaAs'® Finally, Schottky barrier characteristics can devi- surface statesd.<=0), because in that case no charge is
ate from the predictions of the thermionic emission theoryjnduced at the semiconductor surface. In order to determine
due to the importance of other transport mechanisms, fothe importance of these effects in our experiment, we need to
example, thermally assisted field emission or tunnelingassess the values of the weight factgysand vy, which are
through the barrier. These transport mechanisms can be iar function of C;, C,, and D.. The capacitance of a
corporated by adopting a slightly modified thermionic emis-Schottky barrier is associated with the modification of the

sion equatiort* depth of the space charge region upon change of the band
bending. In the depletion approximatigassuming a con-
Js=Joexp(BVs/n)[1—exp(— BVy)], (3)  stant density of space chargd) the capacitance per unit
area i1

wheren is the ideality factof.” With n=1, we recover Eq.
(2); with n>1, the Schottky diode rectification is diminished. és= €oes/W, W= \/mL (6)
This formula determines the potentid} required to draw a
current through the Schottky barrier. As we will see later,wherew is the depth of the depletion region. In our experi-
V, can have an appreciable value when using typical STMnents,w ranges from 50 to 100 nm, so thatith e;=13)
currents. C, ranges between 1 and>10 3 Fm~2. For C,, we can

As pointed out in the previous equations, the majorityyse the planar capacitor formuli= €€, /d, whered is the
carrier current through the Schottky barrier depends on thgeparation between the metal and the semiconductor surface.
Schottky barrier height®,) via the formula forJy. In case  gor 5 vacuum tunnel barriete(=1) with d = 1 nm, étzg
of a limited density of surface states, the barrier height is not; 19-3 gm~—2. Finally, the density of surface state® )
constant due to capacitive interactions. To first orde¥ in ranges between 0 and 167 m~2J°! for oxidized
a_nd Vs, the Schottky barrier height is easily deduced to begzas1215 From the above values, we estimageto range
given by between 0.05 and 0.3, and find thatis nearly an order of
magnitude smaller tha, in our experimental situation. The
v factors are rather small due to the high density of surface
states present in the native oxide on GaAs. With the esti-
mated y factors, we conclude that in our experiments the
band bending in the semiconductfef. Eq. (5)] is most
strongly determined by the surface electrochemical potential,
where(I)‘S) is the barrier height in the equilibrium staiwhen ?zﬂlcichZIteoczolgzser extent sensiiive to the potential of the me-
Vin=Vs=0), C, is the tunnel barrier capacitance per unit — pp,ioeycited minority carrier flowElectron-hole pairs
area,Cs is the Schottky barrier capacr.canceigeritim}garea, andan be generated in the semiconductor material by irradiation
Dss is the density of surface statésnits m™=J~")."" The  \ith photons of energy higher than the band gap. From the
tilde (") denotes that the capacitances are defined per unfy|k of the semiconductor, the carriers can reach the space
area. The y factors are defined asy;=C;/[C;+Cs charge region by diffusion. In the space charge region, the
+e°Dgd, andys=Cs/[C;+ Cs+e’DgJ. Higher order terms  minority carriers are swept toward the surface by the internal
to Eq. (4) result from the fact tha€ and D are not truly  electric field?! creating a photocarrier current from the semi-
constant? Equation(4) tells us how at the surface the posi- conductor surface toward the bulk of sidg per unit area.
tion of the majority carrier band-edge shifts with respect toJ, is determined by many parameters, such as the incident
the surface quasi-Fermi level, in response to the drop of eledight power P, the fraction of the light power that is ab-
trochemical potential across the tunnel barfiseighted by  sorbed in the semiconductéy,, (0<f,<1), and the extent
the factory,) and in response to the potential drop across theo which the processes of minority carrier diffusion and drift
Schottky barrier(weighted by the factorys). The surface are effective in collecting photocarriers at the semiconductor
Fermi level is said to be pinned if, and y, are approxi- surface. This collection efficiency. (0< n.<1) depends on
mately zero, i.e., in the case of a high density of surfacahe absorption depth of the light relative to the bulk diffusion
states. Combining Eqg1) and (4), the expression for the length and the depth of the space charge region. Solving the
total band-bending becomes diffusion equation in case of planar symmetry yiéfds

ét[vm_ Vs] - ésVs
P =P)— ——— =®2— 3 [Vim— Vsl + ¥sVs,
s s Ct+CS+e2DSS s Y[ Vm st ¥sVs

O<=ys<1, (4)
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exp( — aprw) so-called apparent barrier height that equals the barrier
T a1 (7 height @;) in case of a tunnel barrier with a rectangular
aph d+ 1 5 . . .
shape® Under ambient conditions, the apparent barrier
whereay, is the photon absorption coefficient, abglis the  height is generally lower than one volt, due to surface
minority carrier diffusion length. The diffusion length is contaminatior® In our experiments the voltage drop
given byLy=[kgT/e u7]¥% wherep is the minority carrier  (V,,— V) is also of the order of one volt, which gives rise to
mobility and 7 is the minority carrier lifetimé® In high-  nonlinear current-voltage characteristics. In our model de-
quality GaAs, the electron and hole mobility are about 0.8scription this can be accounted for by adding a cubic term to
and 0.04 ntV ~1s™1 respectively. The minority carrier the voltage dependence of the currént.
lifetime depends on the majority carrier dendigp on dop- The above description is valid if the surface electronic
ing density and temperatyrand on the material quality. At structures of both the metal and the semiconductor are not
room temperature, the minority carrier lifetime is a few strongly dependent on the energy. With regard to the semi-
nanoseconds in moderately doped GafAsp the diffusion  conductor, this translates into the requirement that the tun-
length ranges between one and a few micrometers. For phaeling occurs from a continuous distribution of surface
tons of 633 nm wavelength,, = 4X 10°m~1, i.e, the op- states, rather than from the semiconductor conduction or va-
tical penetration depth is 250 nfi.In other words, 7, is lence band. By a simple argument, we can estimate whether
close to unity, and is modified by less than 4% when this requirement is fulfilled. The probability of carrier cap-
increases from 50 to 100 nm. Hence, we assujpeo be  ture in surface states is given by, Ncap, Whereo,,is the
constant for our experiment. This leads to the followingcapture cross section ai,,is the density of active surface
equation for the photocurrent density flowing from the semi-states. UsingNg,~10—10'*m~2 for the GaAs native

=1

conductor surface toward the bulk: oxide®** and oo~ 10"19-10"*8 m? from Ref. 28, we ob-
tain a capture probability between 0.01 and unity. This is
J=—f qP several orders of magnitude higher than the carrier transmis-
p— abs”q ¢ E A (8)
p

sion probability through a typical tunnel barr@rthus, we
may assume that the tunnel current flows through the surface
states instead of directly from the semiconductor conduction
and valence bands into the metallic electrdties issue is
addressed more rigorously in Ref.)29

Let us consider the special case thht= 0 because
Vi = Vs. At that pointV,, is equal to the open-circuit volt-
age or so-called surface photovolta@PV), which is deter-
%hined by the balance of majority and minority carrier current
in the semiconductorJs+J,=0. Using Egs.(3), (4), and
SBv>1, we find

where 7, is the quantum efficiency of conversion of photons
to electron-hole pairf0=< n,<1), E, is the energy per pho-
ton, andA, is the illuminated area. In our experiments, the
light intensity P/A, ranges between zero and 8vm 2.
The total efficiencynyn, can be close to unity for many
semiconductor materiaf§. As we have seen, the space
charge region in the semiconductor represents a barrier f
majority carrier transportJs). On the other hand, it consti-
tutes an accelerating field for photoexcited minority carrier
(Jp)- Note that the sign od,, is fixed by the sign ofy, i.e.,
by the direction of the band bending. It is interesting to es-
timate the excess minority carrier concentration at the sur-SPV= ﬁ‘lln(—Jp/Jg), ngqu,exq—Bd)g),
face (Ng) that is associated with the surface recombination (10)
current due to photoexcited carriers. Given the surface re-

combination velocity,, the density of surface recombina- SinceJ, is proportional to the optical powe?, a measure-
tion current becomesdg~=evN,,. In our experiments, the ment of the SPV versuB can serve to determine the appli-
maximum photocurrent density is of order®Am ~2. Using  cability of the presented model.

v =10°ms™ 1, we find thatNy<10?°m~3. This carrier

concentration is negligible compared to the semiconductor B. STM junction

doping density in our experiments-10%°m~3), and also
too small to cause any significant minority carrier diffusion
from the surface back into the bulk.

Tunneling current.The current across the tunnel barrier
depends on the tunnel barrier shape, and on the electron
structure of the metal and of the semiconductor surface. . .
Since these properties are not known in detail, we adopt th urface states, because otherwise the semiconductor subsur-

following simple description. The most characteristic prop- ac? regltt)nt IS fccikr]np![etely Sf:;:\elld?d IfEromStheTrrPetal bydthe
erty of a tunnel barrier is that the tunneling current has arpuriace sta efef. the term withVyy, in Eq. (5)]. The secon

exponential dependence on electrode separation. If the vollﬂje]?har"stmt IS ontlr)]/ eﬁ.eCt'Vi in case of ?Sonzero denzlt¥ ?jf t
age drop across the tunnel barriéf {—V,) is far smaller suriace states, otherwise charge cannot bé accommocated a

than the tunnel barrier height, the tunnel current densit)}he semlcqnductor surfatﬁef.. the term withvs in Eq'@]' IT
(3,) become® we establish a metal-semiconductor tunnel junction in an
t STM, (i) a nonuniform pattern of field lines is set up between
Jecexp = 2kd)[V—Vel, k= 2mee<i>t/ﬁ2]1’2, (9) the tip and the s_ample, arti) a nonuniform surface electro-
_ _ chemical potential is created. The latter results from the fact
wherem, is the electron mass, ardlis the electrode sepa- that the tunneling point represents a nanometer-sized injec-
ration; in a STM,d is of the order of one niff @, is the tion point from which the current spreads out inside the

1—1yn

The semiconductor surface electrostatic potefiial, the
band-bending voltage given in E¢)] is a function of(i) the
electric field between the semiconductor and the metallic
éectrode, andii) the surface electrochemical potential. The
irst effect is only important in case of a limited density of
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100

semiconductor bulk

depletion region edge !
10 |

. depletion region

semiconductor surface

FIG. 2. Schematic outline of the depletion region in a planar
semiconductor when a nonuniform reverse potential is applied to 0.1
the surface. The dashed lines represent equipotential lines. The
depletion field focusing efficiency(;) describes how, by following
the electric field lineqdrepresented by the dotted linesn infini-

0.01 . | |

tesimal area dA is mapped onto an amgadA at the edge of the 0.01 0.1 1 ‘ ' 10
depletion region. In this casg; is larger than unity, implying that : !
the field lines are focusing toward the semiconductor surface. o6/ w,

semiconductor material. In other words, due to the nonplanar FIG. 3. The natural logarithm of the depletion field focusing
geometry of an STM, the generated band-bending profilefficiency () divided by the relative magnitude of the potential
will deviate from one-dimensional symmetry. A complete perturbation {;), drawn as a function of the Gaussian width of the
picture of the photoelectrical properties of such a systenpotential perturbationd). 6 is normalized to the depth of the deple-
requires simultaneously solving the three-dimensional elecion region in an unperturbed planar semiconductor matewig).(
trostatic and transport equations. The transport equatioﬁh_e fopusmg efﬂmency_ was deduced frqm a depletion fle_ld calcu-
should include thermionic emission for the majority carriers,’tion in a planar semiconductor material. The calculatidof.
and diffusion(outside the depletion regipmnd drift (inside Ref. _3]) was performed to first order in the relative perturbation
the depletion regionfor the photoexcited minority carriers, 2MPlitudefs.

Since this is not feasible, in the following we will develop a ) ) .
qualitative understanding of transport properties from eleciransport will be larger with a reverse than with a forward

trostatic calculations only. The influence of the free carriePOténtial. This effect may also provide an explanation for the
density associated with the tunneling current is negleﬂed. weak rectification of current-versus-voltage characteristics

Nonuniform band bending in a planar semiconductat often observed in ppint contacts_ on semico_nduc]t%rs.
us consider a STM junction between a metallic tip and g N order to quantify the focusing properties of the deple-

planar semiconductor surface ¢ 0, where now the non- tion field, let us consider a potential perturbation of Gaussian
uniform surface electrostatic potential is given by shape:

B (x,y,0=Fo+F1(xy), (1D Fi=fiFoexp(—r?8%), r=DC+yT™ (12

where é is the Gaussian width anfj, is the relative ampli-

whereF is the constant potential of the unperturbed semi L , - L
tude. We then calculatéthe minority carrier trajectories in

conductor surface, anBi; represents the relative potential : ) - >
perturbation locally caused by the tunnel junctidor these the depletlon_ f_|eld and deduce a so-called focu_smg efflc.lency
calculations it is immaterial which mechanism is causing the”7f - This efficiency describes how, by following the field
nonuniform surface potentialWith this boundary condition, lines, an infinitesimal area dA at= 0 is mapped onto an
the subsurface depletion field has been calcufateding arean; dA at the edge of the depletion regigef. Fig. 2.
perturbation theory. The calculations show that, with a lo-From the calculations it follows thag exponentially de-
cally applied reverse potentiaF(/F,>0), the depth of the pends on the perturbation amplitullg the results are sum-
space charge region is locally increased and that the fieltharized in Fig. 3. Forf;>0 (reverse potentia| the effi-
lines tend to focus toward the spot where the local potentiagiency is larger than unityfocusing of field liney whereas

is applied (cf.Fig.2. With a forward potential for f;<O (forward potential the efficiency is smaller than
(F1/F,<0), the field lines defocus toward the spot whereunity (defocusing of field lings Note that an increase of
the potential is applied. In other words, the local potentialw, results in a larger focusing in a reverse bias operation,
modifies the depth of the space charge region and generategd results in a larger defocusing in a forward bias operation.
lateral component of the electric field in the semiconductor In our experiments, the depth of the unperturbed depletion
subsurface region. Concerning carrier transport, this resulteegion ranges between 50 and 100 nm. The magnitude of the
in an effective transport section that depends on the bandsaussian width §) follows from the exact mechanism caus-
bending profile. In case of photoexcited minority carriers —ing the nonuniform surface potential. If it is the penetration
which are accelerated along the field lines in the spacef field lines from the metallic tipg is expected to be of the
charge region — the effective section is increagee- order of the tip radius. On the other hand, if the nonuniform
creasefl with a locally increaseddecreasedband bending. surface electrochemical potential is the driving mechanism,
As such, the space charge field operates like an electrical will depend on the details of the current flow in the semi-
lens with a variable diameter and focal length. Also the ma-conductor subsurface region. Whéris larger than the depth
jority carrier transport is sensitive to the shape of the bandef the unperturbed depletion regiodxw,) the efficiency
bending profile: the effective section for majority carrier tends to unity, because in that limit the depletion field is
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25 of the depletion region is not limited in a paraboloid semi-
conductor tip, because its shaft is of infinite length. For sharp
paraboloid tips ,<wg) the depth of the depletion region is
proportional to the inverse of the radius of curvature.
Figure 4b) shows the focusing efficiency for the sphere and
y the paraboloid. The focusing efficiency equals unity for blunt
tips and rapidly decreases for sharper tips, indicating that the
field lines are defocusing toward the surface. The strong
1.0 , . 5 similarity of the curves in Figs.(4) and 4b) stems from the
1 g | : fact that, for the considered range of parameters, the curva-
2 3 ture of the equipotential lines in the depletion region closely
paraboloid 3 resembles the curvature of the contour of the tip. In conclu-
] sion, when a tip-shaped semiconductor is compared to a pla-
B) 7 nar semiconductor of the same material and with the same
] surface potential, the depletion region depth is larger and the
focusing properties of the depletion field are biased toward
E defocusing.
E 1 , ] Nonplanar carrier flowThe previous calculations demon-
0.0 1.0 20 3.0 strate that the profile of the band bending region can strongly
Wolr deviate from planar symmetry, when a metal-semiconductor
¢ tunnel junction is established in an STM. The driving mecha-
FIG. 4. (a) The depth of the depletion regionv] and (b) the nisms are the capacitive coupling between the tip and the
depletion field focusing efficiencyr(;), as a function of the inverse sample, the nonuniform electrochemical potential at the
of the radius of curvaturer(l) of a semiconductor material. Re- semiconductor surface, and the shape of the tip. The most
sults are indicated for a semiconductor sphere with radiysas  important conclusion is that we expect the flow of minority
well as for a paraboloid semiconductor tip with a radius of curva-and majority carriers in the semiconductor to deviate from a
turer at the apexw, is the depth of the depletion region in an gne-dimensional picture. As an extension to our one-
unperturbed planar semiconductor materiek). In all cases, a  gimensional modeling of Sec. Il A, we therefore introduce an
constant surface potentialas assumed. The results for the sphere ffective semiconductor transport sectiag = ng, where

\(’)Vﬁé?ngte;';’;(:nfg):qazgrii?;tafslgg:ﬁgggf’. tngégt; for the parabolouis is the effective section ra}dius. Mogiel calculations can
now be based on the following equatiorg=AgJ,, and
li=Is+1,, wherel; is the tunneling currents, is the

nearly uniform. On the other hand, for a perturbation that isSchottky barrier majority carrier current, ahgl, is the pho-

applied very locally 6<w,), the depletion field profile is tocarrier current. As an interesting example, let us consider
strongly nonplanar, such thaj; deviates from unity. The the situation that no external bias is appli&,(= 0). In that
focusing efficiency can attain very large values in the case oase, the measured tunnel current cannot be larger than the

a reverse bias potential and a small Let us estimate a photoexcited minority carrier current density multiplied by

reasonable maximum for the focusing efficiency. A lowerthe effective transport sectiofit,| <A J,|. Substituting this

limit to ¢ is given by the fact that the electric field along the inequality into Eq.(8) gives

surface cannot exceed the dielectric breakdown field, which

is close to 1§ Vm ! in GaAs?? taking a perturbation am- 1 E oA

plitude of 0.2V, we find thats is larger than 2 nm. Using

Wy=100 nm, the lower limit for the ratiaS/w, is 0.02 .

From Fig.3 and takingf;=0.2, we deduce that Inf) |n this way, a measurement of the magnitude of the tunnel

=0.2x30, i.e,, a maximum depletion field focusing effi- current atv,, = 0 yields a minimum collection area that has

ciency (7y) of 4x10%, had to be effective in the semiconductor in order to generate
Band bending in a semiconductor tiy/hen the STM tip  the measured tunnel current. In the limit of very small tip-

is of semiconductor material, its nonplanar geometry result§ample separation, the semiconductor surface potential drops

in a nonplanar space charge field. This geometry is modeleg zero and the tunneling current equals the photocurrent. In

in our calculation of the depletion field by assuming a rota-other words, ifV,,, = Vs = 0, the above inequality becomes
tionally symmetric body with a constant surface poteritial. an equality, yielding the true value for the effective section in

Figure 4 shows the calculated results for a semiconductahat particular limit.

material of spherical symmetry, and for a semiconductor tip |n our experiments, it is not possible to determine the

shaped as a paraboloid. Figurt@4depicts the depth of the effective transport section for the majority carriers, because

depletion region as viewed along the symmetry axi§,( the Schottky barrier heightwhich determinesl) is not a

divided by the value for a planar semiconduct@). As  priori known. As a first approximation, for the majority car-

expected, the curves tend to unity for blunt tip§ t—0). In  riers we use the same effective section as is used for the

a convexly shaped semiconductre., for finite r;), the  minority carriersis=AgJs. In reality this assumption is not

depth of the depletion region is larger than in a planar semivery accurate, since the two carrier types follow different

conductor. For the sphere, the curve ends/atr .= \3wy, transport mechanismghermionic emission for majority car-

for which the whole sphere has become depleted. The deptiers, diffusion and drift for minority carrieysHowever, an

20 -

w

1.5

Sd

0.01

T

£ sphere
0.0001 E

=——— if V,,=0. 13
s fabs77q770|q|P m 13



8096 M. W. J. PRINSet al. 53

error in the estimated majority carrier transport section of a
factor of 10, for example, will limit the resulting error in

. . depletion
the value of the Schottky barrier height®{) to _ region:
~In(10)kgT/e=60 mV, as we can read from E(Q). G, G d

Cstr
C. Modulated photoexcitation \\\

In the previous subsection, we have described the consid-
erations that led to a modified one-dimensional model for !
direct current transport between a metal and a semiconductor
material in a STM. The major result is that, although the
tunnel current is led through a nanometer-sized constriction,

in the semiconductor the electrostatic and electrochemical | é
potential are modified over an area that can be considerably
larger. When modulated photoexcitation is applied, in addi- 4 As%T Yow  Ysc

tion to the direct currents the displacement currents also have wide
to be analyzed. Direct currents are driven by a drop of elec- channel
trochemical potential, whereas displacement currents are
caused by a drop of electrostatic potential. Let us assume a
time-dependent surface electrochemical potential of the form
Vy(t)=Re[V+AVexp(ot)}, while keepingV,, constant.

As a result, through the Schottky barrier, a modulation of FIG. 5. Electronic mode{top) and equivalent circuitbottorm)
direct current density of siz&sAV, is generated, where of an illuminated metal-semiconductor STM junction, where in this
G 9s/dVs is the differential conductance per unit area case the semiconductor is shaped as aAjps the illuminated area

derived from Eqs(2)—(4). In addition, a displacement cur- of th_e tip. Ag _|s the sect_lon in the semiconductor subs_urface_ region,

t d ity i ted ith itUGian C AV, that is effective for carrier transport toward the tunneling point. The
ren ensity IS generated wi magnitudao C. dotted lines represent some relevant electric field lines. See the text
—AdD]=jwC{1—y;— ys]AVs, where we have used EQ. tor further explanation.

(4) with AV, = 0. The factor] 1— y;— v<] ranges between
zero Dgs= 0) and unity O ¢¢<— ). Thus, a limited density
of surface states causes a reduction of the displacement cur-
rent when expressed in terms of the electrochemical potemel, describes current flow through the remaining illuminated
tial. In this particular case, the reduction can be taken intgart of the semiconductor with secti¢i, — Ag]. The wide
account by an effective capacitance of sﬁgl Yi— Vsl channel is capacitively coupled to the metallic electrode, de-
Due to the high density of surface states in the native oxidscribed by a stray capacitandgg,. In the model, Y
on GaAs, they factors are small in our experimentsf. =A Y refers to the Schottky admittance in the constricted
Eq. (6)]. Therefore, the reduction factor is not of greatchannel, andvs,, = [A—A,]Y, indicates the Schottky ad-
concern. Omitting the reduction factor, we describe themittance in the wide channel. For completeness, also the
total modulation of Schottky barrier current density by aexternal circuit admittanc¥,, has been incorporated in the
complex admittance per unit ar¥a = Gs+jwCs, such that  figure. In the following analysis this parameter is omitted,
AJ=YAVs. since experimentally it was found to play a negligible role.
Figure 5 shows the equivalent electrical circuit for time-  Let us consider a modulation of light intensityP at fre-
dependent current transport in a metal-semiconductor STMuencyw, which imposes a modulation onto the system by
junction, illuminated over an are®&>Ay. Quite arbitrarily, =~ means of the following two electronic quantities: a modula-
the tip has been chosen to be the semiconductor materialon of the photocarrier curredtJ,, according to Eq(8), and
Adopting a quasi-one-dimensional model, two parallel cur-a modulation of the tunnel barrier conductank€; due to
rent transport channels are distinguished. The first, called thiénermal expansion. Using the equivalent circuit, we calculate
constricted current channel, accounts for the carrier flonthe modulation of voltage on the semiconductor surface in
through the semiconductor effective sectidgand the tun- the constricted, as well as in the wide channel, and deduce
nel barrier admittanc¥; . The second, named the wide chan- the total detectable current modulation:

constricted
channel

JoCu T

Al= =2t A AT 425 1y _yiaG,+ —2 S
[ J Cstr+Ys,w

Y +Y, Py +Ys . (41~ A,1AT

(14

AL, AL, Al
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The first term ofAl is the modulation of constricted cur- Polarizer A f4-plate

rent due to photocurrent generation, and will be denoted by ——; Lens
Al . The second term is the modulation of constricted cur- E@ E@ ﬁ@

rent caused by a modulation of the tunnel barrier conduc-

tance, abbreviated byl ;. The third term gives the displace- Pockels EM,  Polarizer
ment current through the stray capacitatg and is called
Alc. Note that in practical case®Cgsy<<|Ys /- Iy ()

The modulation of tunnel barrier conductank&, can be I-v-

caused by thermal expansion of the junction. In this perspec- converter

tive, an important parameter is the distance of thermal diffu-

sion within one modulation period, given byl = FIG. 6. Experimental arrangement. The STM geometry is indi-
[ k! @]Y2 Here, ky, is the thermal diffusivity that equals cated for the usage of semiconductor tii§ @nd a semitransparent
approximately X110 °m?s~! in GaAs. For the experi- sample §).

mentally used modulation frequency of 84 kHz, we find a

thermal diffusion length of 1Qum. This is smaller than the 84 kHz. Finally, the beam was focused into the STM junction
typical spot size(20 um or largey. Therefore, we neglect by a 30-mm focal length objective. In the STM, the spot
lateral heat transport and consider the heat conduction to k#iameter could be optimized with a relative uncertainty of
one dimensional. Then, the modulation of tip-sample separe25%. Beam deflection due to the Pockels cell or the photo-

tion takes the following simple forrif elastic modulator was verified to be negligible. In the STM
junction the spot size amounted to a few tensuofi, yield-
janfnAP ing illumination intensities between zero and *\Mym 2.

- Tpp‘l (19 The estimatelf local temperature rise was less than 1K.

Semiconductor tips were illuminated along the tip axis

where ay, is the thermal expansion coefficierft, takes ac- through a semitransparent samfdee Fig. §, consisting of a
count of the fraction of incident optical power that is ab- 20-nm sputter-deposited Pt film on glass. The experiments on
sorbed in the expanding bod§< f,<1), andC, is the heat semiconductor samples were performed with sharply etched
capacity per unit volume. Both tip and sample can exhibitPt-Ir tips, while illuminating the tunnel junction at about
thermal expansion and hence cause a modulation of tigg0° from the sample normal. The GaAs tips and samples
sample separation. For example, using, = 10"°K 1, were prepared by cleaving polished and epitaxially grown
fy=0.3,Cp =10°Im 3K %, andAP/A; = 10°Wm~2,  (001) wafers along110) and(110) directions. The GaAs tips
we estimateAz to be less than 10'?m at a modulation consist of a corner that is bounded by cleavage planes. In-
frequency of 84 kHz. Combining Eq§9) and (15), we find  spection by scanning electron microscopy and STM showed
that the complex phase &G, /G; is — /2, implying that that cleavage produces well-defined corners with tip apex
the conductance changes lag the optical power variations. radii smaller than 100 nm. When used for topographical im-

Finally, we note that in the outlined model the influenceaging in a STM, these tips yield a resolution close to a na-
of a limited carrier relaxation time of the surface states is nonometer under ambient conditiohs The GaAs was type
considered. In surface states, electron-hole recombination iSi doped or p type (Zn doped, with doping densities rang-
generally very fast: in the native oxide on GaAs for examplejng from 10°°m 3 to 5102 m 3. The bandwidth of the
recombination takes place on a subnanosecond time ¥caleSTM constant-current regulation circuit was set between one
On the other hand, the cascadelike relaxation process @nd two kilohertz. The STM current was measured by a
charges in the surface states can be rather slow if the densihomemade current-to-voltage converter with a bandwidth of
of surface states is low or if surface trap states are involvedl00 kHz. The data have been corrected forlthéconverter
The proper description by statistical mechanics requires solwesponse, which at the highest frequencies could be deter-
ing the rate equations of the interactions between the surfaaained with an accuracy of 10% and a phase uncertainty of
states, the semiconductor conduction and valence band, aathout 10°. The signal was fed into a lock-in amplifier to
the metallic electrod® A particular difficulty is that detailed allow for phase-sensitive detection of the current modula-
knowledge of surface state properties is difficult to obtain.tion.
The incorporation of statistical parameters into our model
remains to be investigated. IV RESULTS AND DISCUSSION

In this section, we will present a comparison between
experimental results and calculated curves. The latter were

The experiments were performed in a STM at ambientestablished by solving the current conservation rule
temperature and pressure, using GaAs samples as well &s=15+1,, with the equations presented in the previous sec-
GaAs tips. Optical excitation was provided by a linearly po-tions. Except when stated otherwise, it was possible to fit the
larized single-mode HeNe las@33 nm). In order to be able model calculations to the measurements with a certain range
to regulate the dc optical power and perform an opticalof values for the fit parameters. These values are summarized
power sweep, the beam was guided through a Pockels catl Ref. 35. Most experiments presented in this section were
and polarizer, as depicted in Fig. 6. Subsequently, a photgerformed with semiconductor tips, as well as with semicon-
elastic modulatofPEM), a\/4 plate, and an analyzer served ductor samples. We could not detect systematic differences
to make a relative optical power modulatiochP/P at between the photoelectrical properties of cleaved tips and

Ill. EXPERIMENT
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in Ref. 35.
calculated

05 : culations. At 1 V reverse bias, the current is smaller than
05 00 05 10 1 pA, indicating that at this point both the Schottky barrier
Vm (V) conductance and the surface conductance are lower than
107 20~1 Since in normal STM operation the junction
conductance is of the order of 18 ™1, this indicates that
the surface conductance through the native oxide on GaAs is
density. Panel(b2) shows the surface electrochemical potential of negligible magpltude. Par_1€ﬂ>2) shows the calculated sur-
V; that follows from the calculated curves presentedhf). The face electrochemical potentiaV’g) that follows from the cal-
° ' culations. ForV,<0 the Schottky barrier is reverse biased,

curves of pane{a) were measured starting from different set point .
values for current and voltage. The various calculated curves onI?UCh that the voltage drop across the Schottky barkg) (

differ in the magnitude of the tunnel barrier conductance. Fit pa-€duals the externally applied voltag¥',(). At an applied
rameters are summarized in Ref. 35. voltage higher than~0.2 'V, the Schottky barrier is suffi-

ciently forward biased to be of comparable or higher conduc-

planar samples of the same material; apparently, the Schottk@nce than the tunnel barrier, causing the voltage drop across
barrier properties were more strongly determined by the voltthe Schottky barrier to be only part of the applied voltage
ages applied to the junction, than by the shape of the matdVp).
rial. In our semiconductor materials the depletion region To further test the applicability of our model, we per-
depth ranges between 50 and 100 nm, so for tips with, at th&ormed measurements of the SPV versus optical power. As
apex, a radius of curvature of that order, we do not expect tgiscussed with Eq(10), the SPV is determined by the zero-
see any differences with respect to a planar maté&faSec.  current point. Representative results are shown in Fig. 8,
I1.B.); in case of tips with a far smaller radius of curvature, ashowing the expected logarithmic behavior. From the slope
possible explanation for our experimental observation is tha®f the curve, forn/[1—ysn] we deduce a value of 1.15
the cleaved GaAs tips have a very wide tip ang@®°,  *0.10[cf. Eq. (10)]. Actually, this value represents a mea-
which suppresses the importance of the radius of curvatursurement ofn, becauseys is very small in our systerfisee
for the depletion field profile. the estimates with Eq6)]. Becausen is close to unity, we

Figure 7a) shows measured statfso with the feedback- conclude that a model based on thermionic emission is in-
loop turned off current versus voltagd {V) characteristics deed applicable. From the model calculation, we deduce that
at different set point values for current and voltage, correthe magnitude of the Schottky barrier height was 0.5V for
sponding to different values for the tip-to-sample separationthis p-type material. The barrier heights determined in this
The indicated data are averages of 225 spectrocopic curveway™ are in good agreement with the results of other mea-
taken with a GaAs tip in the absence of illumination. Panelsurement techniquéé.Due to the higher barrier height of
(b1) shows calculated current versus voltage curves, whera-type material compared fo-type material, the SPV on the
for the different curves only the tunnel barrier conductancen-type material attains a reasonable value at substantially
was scaled. The top curve with repect to the bottom curve ofower light intensities than needed for tpetype material.
panel (bl) involved an upscaling of the conductance by a In Fig. 9 we have depicted a setlelV curves at constant
factor of 25. This corresponds to an estimated change of thlumination intensity, forn-type GaAs of doping density 2
tip-to-sample separation of 0.5 nm. x 102 m~3. The top panela) shows the measured data, the

At small positive voltages — when the Fermi level of the bottom panel(b) displays calculated curves for different
metallic electrode is positioned within the semiconductormagnitudes of the tunnel barrier conductance. With respect
bulk band gap — we observe significant current flow, indi-to the nonilluminated casécf. Fig. 7), the most important
cating that carrier flow mediated by surface states occurdifferences are the appearance of a surface photovoltage, i.e.,
The observed rectification is a result of the pinning action ofa shift of the zero-current point into the higher forward bias
the surface states, which is well described by the model caldirection, and the observation of a considerable current at

FIG. 7. Measureda) and calculatedbl) current versus voltage
curves, for a nonilluminated GaAs tip{type, 2< 10?3 m~2 doping
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-1.0 0.0 1.0 20 ration (d) relative to the set point at=d,. For a nonilluminated
Vo, (V) GaAs tip (p-type, 5 1022 m~2 doping density. Symbols represent

measured points, lines are calculated values. Constant applied volt-

ageV,, = 0.5 V. Fit parameters are summarized in Ref. 35.
FIG. 9. Measureda) and calculatedb) current versus voltage

curves for an illuminated GaAs tipnftype, 2<102°m~2 doping  crease of the depth of the space charge region. As a possible
density. The curves of panela) were measured starting from dif- explanation, we invoke the focusing effect that becomes in-
ferent set point values for current and voltage. For the differenicreasingly pronounced at reverse bias; to account for this
curves of pane(b), only the magnitude of the tunnel barrier con- effect, in the model calculation we have added a small linear
duct_ance was scale®/A, = 103 Wm™2. Fit parameters are sum- voltage dependence to the effective sectlan In conclu-
marized in Ref. 35. sion, the observed reverse bias current indicates that signifi-
cant three-dimensional transport of minority carriéfiecus-
reverse bias. The SPV is the same for every tip-sample dishg) occurs in the semiconductor subsurface region. The
tance, within the experimental accuracy of about 10 (e&  importance of minority carrier focusing by driftnside the
also Refs. 5,10 If the photocarriers that are swept toward depletion regioh versus focusing during diffusive transport
the semiconductor surface would not be captured in the sufoutside the depletion regiprannot be judged at present.
face states, but instead immediately be transmitted into the It was pointed out that an illuminated metal-
metallic electrode, the zero-current voltage would depend osemiconductor STM junction can be operated in two distinct
the tunnel barrier conductance in a very sensitive way. Sinceegimes: the photovoltaic regime, when the Schottky barrier
this is not observed, it proves that the carriers are captured iconductance is higher than that of the tunnel barrier; and the
the surface states. In addition, we observe that the curvgshotoamperic regime, when the Schottky conductance is
converge in the reverse bias directiov {<0). The latter lower than that of the tunnel barrier. In the previous case
behavior is related to the limited amount of photoexcited(Fig. 9), the transition from one regime to the other is regu-
carriers that can be collected at the tunnel junction. Qualitalated by the bias voltage. Another way to establish the tran-
tively, we can distinguish a photovoltaic and a photoampericsition is by adjusting the tip-sample separation. Figure 10
mode of operation of the semiconductor. The photovoltaiddepicts a measurement of current versus tip-sample separa-
regime occurs in the vicinity of the SPV, when the tunneltion (relative scalgfor a nonilluminated GaAs tip. By mak-
current is smaller than the photocarrier currentQ(3 nA); ing reproducible topographic scans, it was verified that tip
then, thel-V curves can be described in terms of a nonlinearand sample were never in contact. The calculated curves for
tunnel conductance connected to a voltage source with a highe tunnel currenfleft scalg and for the voltage drop across
internal conductance. At reverse bias, we enter the photoanthe Schottky barriefright scal@ are also indicated. At high
peric regime; this corresponds to a highly loaded semicontip-sample separation, an exponential behavior of current
ductor, operating as a current source with a low internal conversus distance is observed, in agreement with(8¢*® Us-
ductance. In the absence of irradiation, this material does nding that equation, from Fig. 10 we deduce fora value of
allow us to drawn a current at reverse bigé Fig. 7); ac- 3.2 nmil, which corresponds to an apparent tunnel barrier
cording to Fig. 9, the maximum current ¥, = 0 amounts  height @;) of 0.4 V. These are reasonable values for a mea-
to approximately 0.3 nA at the specified light intensity. Usingsurement under ambient conditiocfidUpon closer approach,
the equality of Eq(13), we estimate the collection radius of the current saturates when the tunneling conductance has be-
photogenerated charge to be omen. This is of the same come higher than the Schottky conductance; at that point, the
order as the minority carrier diffusion length in GaXdt is Schottky barrier voltage drop equals the externally applied
not surprising that carrier diffusion is of importance, sincevoltageV,,, indicating that the Schottky barrier conductance
the optical penetration deptt®.25 um) is larger than the has become the limiting factor for current conduction.
depth of the band-bending regidf.1 um at maximun). In a planar solid-state metal-semiconductor junction, the
Note that the size of the saturation current significantly deconsequence of illumination is that an extra current contri-
pends on the applied voltage. As was discussed with(Bg. bution is added, with a sign independent of the bias voltage
the observed increase cannot be simply explained by an in/,,: the absolute magnitude of the current increases in re-
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laser excitation at the same tip-sample separation, for a GaAs Light intensity (106 wWm?

sample p-type, 5 10%m~2 doping density. These curves were

composed by chopping the light at 4 kHz. In the illuminated situa-
tion, P/A;=10° Wm™2. FIG. 12. Measuredsymbolg and calculated(lines) phase-

sensitive current modulatiorx Ein-phase y =out-of-phasg versus

verse bias and decreases at a forward bias higher than theident illumination intensity. The calculated curves are nearly ob-
SPV. However, in STM experiments with-type GaAs of  scured by the data. The top figui@ shows the current modulation
moderate or high doping, we have observed a very differenthrough the stray capacitance, measured while out-of-tunneling at a
behavior in forward bias. An example is depicted in Fig. 11,tip-sample separation of about Qusn. The bottom figureb) dis-
showingl-V curves taken at the same tip-sample separatiori/ays t_he current r_nod_ulation while tunneling, correc?ed for th_e stray
At a forward bias higher than the SPV, upon illumination, the®apacitance contribution. Forpatype GaAs tip of doping density 5
current shows a clear increase, in contrast to the generaf10~ m °. Fit parameters are summarized in Ref. 35. Relative
behavior in planar devices. The estimafethcrease of the Power modulanorA_P/Ff = 10% at 84 kHz. Estimated uncertainty
tunnel barrier conductance, due to thermal expansion, Wa%f current modulation is 0.2 pA. Set dc tunnel currént0.5 nA;
less than 10%. By additionally measuring difference curves m=0.5V.
at high modulation frequencie®4 kHz), we verified that
thermal expansion was not the reason for the observed cross- Modulated photoexcitationFrom the previous data, we
ing of thel-V curves. conclude that a semiconductor tunneling tip can be very sen-

Our calculations indicate that the direction of the bandsitive to optical excitation, making these tips interesting as
bending was certainly not reversed by the applied forwardscanning local photodetectfrand as sources of optically
bias. Hence, as was pointed out in Sec.ll A, in case of ariented spin-polarized electroft’ However, because a
forward bias potential on the semiconductor surfagas of ~ STM is normally operated in the constant-current mode, the
opposite sign compared th,. This means that in a forward frequency band between zero and about 2 kHz is used for
biased planar junction, an increased illumination can not enstabilization of the tip-to-sample distance. Hence, additional
large the total current density{+J,) flowing in the semi-  signals have to be detected at frequencies higher than the
conductor, and as a result cannot cause an increasg. of bandwidth of the constant-current feedback system. In this
Qualitatively, the observed behavior can be explained by theerspective, we will study the response of a metal-
fact that the effective sectioM, depends on the band- semiconductor tunnel junction at a frequency of 84 kHz and
bending profile. As we have discussed in Sec. Il B, in thecompare the results to calculations based on the model de-
space charge region, tiide)focusing of field lines depends scribed in Sec. Il C. The model calculations were made by
on the relative difference between the band bending at theolving the equivalent electrical circuitf. Fig. 5 for the
tunneling point and the band bending away from the tunneleonstricted as well as for the wide channel, with the aid of an
ing point[represented by the parameferin Eq.(12)]. Upon iterative computer code.
irradiating the semiconductor, there is an overall decrease of The sensitivity of the current to a modulated photoexcita-
the depth of the band-bending regiom,fj, which according tion is depicted in Fig. 12 fop-type GaAs of 5 10%m 3
to Fig.3 gives a weaker defocusing in forward biasdoping density, and in Fig.13 fon-type GaAs of 2
(f1<0). A weaker defocusing implies an increased effectivex10?°m 3 doping density. The measurements were made
section for charge transport through the Schottky barrietby sweeping the dc optical power, while keeping the
Hence, when in forward bias the current is mainly deter-constant-current feedback loop enabled. The relative modu-
mined by the flow of majority carriers, an increased effectivelation of incident optical poweAP/P was constant during
section due to illumination gives an increase of the magnithe sweep. The in-phase)( and out-of-phasey) current
tude of the total current. In other words, the fact that curvegnodulations were recorded with a lock-in amplifier. The top
(A) and B) of Fig. 11 cross at a certain point, may be apanels(a) show the signal detected when the tip was re-
consequence of th@efocusing properties of the semicon- tracted from the sample by 0.5um, i.e., a signal due to
ductor band-bending region. At present, we are unable tstray capacitive coupling between tip and sample only. The
guantitatively model these effects, because the transport dfottom paneldb) depict the current modulation measured in
majority carriers through a nonplanar Schottky barrier hagunneling range, when the stray capacitance contribution has
not yet been calculated. been subtracted.
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' ' - ductor surface voltage collapses and the tip-sample separa-
tion is reduced, when the size of the available photocurrent
(I'p) approaches the magnitude of the tunnel current. At that
point the photoamperic regime is approached; as expected,
we observe that the tunnel current has a maximum sensitivity
to variations of the optical intensity toward the photoamperic
mode of operatioiisee also Ref.)6 We were unable to make
high-resolution topographic scans in the photoamperic mode
of operation, most probably because in that regime the total
tunnel current is rather insensitive to variations of the tip-
sample distance. Finally, the model calculation&d¢ gives
. ‘ ‘ a signal of the right size and the right phase; the fact that the
00 10 20 30 40 calculation does not explain the observed rather weak depen-

Light intensity (10° Wm ) dence on optical power remains to be investigated.

In conclusion, forp-type as well as fon-type GaAs tips
(i.e., for material with respectively a low and with a high
Schottky barrier heightof ~10%°m~2 doping density, the
response of the current to a modulation of optical power can

Figure 12&) shows the measured Stray Capacitance Signd])e understood with the model outlined in SeC.. I C. The C.Ur'
when the tip was retracted from the sample by approximatelyent is composed of signals due to photocarrier modulation,
0.5um . The capacitive coupling can clearly be detetfed thermal expansion, and due to capacitive tip-sample cou-
and is well described by our mod®The model calculation Pling. For both materials, the signal due to photocarrier
yieids a Stray Capacitance Of 0.3 (Fhe Capacitance reduc- modulation saturates at h|gh Optlcal intensities. The sensitiv-
tion factor of Sec. Il C is neglect¢dWhen corrected for the ity to optical power is highest fon-type GaAs close to the
stray capacitance signal, the measured signal while tunnelinghotoamperic mode of operation.
contains a photocarrier contributiom [,) and a contribu-
tion due to modulation of the tunnel barrier conductance
(Aly) by thermal expansion. As shown in Fig.(bg the
combined signal contains an in-phase as well as an out-of- From the theoretical estimations and a comparison be-
phase componerisee Ref. 40 The out-of-phase component tween measurements and calculations, the following picture
has a contribution fromAl, becauseY; is complex, and a arises as to the photoelectrical properties of moderately
contribution fromAl; becauseAG; (due to thermal expan- doped GaAs in an ambient STM. First of all, the semicon-
sion) is out of phase at- 7/2. The model calculation takes ductor surface states play a crucial role. Not only do the
account of the combined signal, yielding a tunnel barriersurface states support current flow by strongly communicat-
capacitance of 0.3 fF. This is the capacitance associated wifhg with the semiconductor valence and conduction band,
the approach of the tip to the sample by about @. For  they are also effective in shielding the charge on the metallic
the relative tunnel barrier conductance modulation due t@lectrode and in pinning the surface Fermi level. The current-
thermal expansion, the model calculation yields a valuesoltage characteristics can be described by considering se-
[AG,/G,]/AP = 10 W™ 1. In this experiment the maximum quential transport through the serial arrangement of a tunnel
value of AP was 0.16 mW. Using these values and E). and a Schottky barrier. The tunnel barrier is represented by a
with k=3.2 nm~! (cf. Fig. 8, we calculate a corresponding nonlinear conductance, whereas transport through the
modulation of tip-sample separation&tl = 0.2 pm. Thisis  Schottky barrier can be described by thermionic emission of
close to the value that was estimated with Eip). Further-  majority carriers. As a result, across the Schottky barrier an
more, the size as well as the phase of the heating signéhportant drop of electrochemical potential may occur, espe-
compare well with a similar measurement using a metalliccially in reverse bias operation. For a given semiconductor,
tip and samplé. the relative importance of the Schottky versus the tunnel

As depicted in Fig. 13, the data on modulated photoexcibarrier conductance can be tuned by changing the applied
tation inn-type GaAs show a different behavior. This mainly voltage or by adjusting the tip-to-sample separation. When
originates from the fact that the Schottky barrier height isoptically exciting the semiconductor, an additional minority
larger in n-type than inp-type material**® As a conse- carrier current is generated in the semiconductor. The voltage
guence, the important changes in optical sensitivity occur athat develops on the semiconductor surface is determined by
lower light intensities, where photothermal effects are stillthe balance between the majority and minority carrier current
negligible. As shown in Fig. 1®), at high optical power a in the semiconductor, and the current across the tunnel junc-
rather constant modulation signal is observed, in agreemetion.
with our model*! The signal phase is nonzero due to the The heart of the photoelectrical properties of semiconduc-
tunnel barrier capacitance. The most striking feature cometors in a STM lies in the understanding of the carrier flow in
in at low light power, when the modulation signal shows athe semiconductor subsurface region. The tunneling point
rapid increase. The increase is also observed if a reverse biespresents a nanometer-sized constriction of current, but in
is applied to the junction. The reason is that the Schottkythe semiconductor subsurface region the current density dis-
saturation currenkty = A, is very small for this material, tribution can have a considerably larger lateral extent. The
far smaller than the tunnel current. As a result, the semiconeffective section for majority and minority carrier transport

Al (pA)

AI-AL. (pA)

FIG. 13. As Fig. 12, now for am-type GaAs tip of X 10%
m ™2 doping densityV/,, = 0.

IV. SUMMARY AND CONCLUSIONS
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in the semiconductor is determined by the band-bending praand of the detectable photocarrier current can be compen-
file and possible conduction along the surface. For the phosated for by increasing the optical power. Special care will
toexcited minority carriers, the effective collection radius ishave to be taken to avoid signals due to thermal expansion to
estimated by measuring the maximum tunnel current that cagtart dominating, for example, by increasing the modulation
be drawn at a certain illumination intensity. This estimationfrequencies; in turn this may yield a more pronounced con-
yields a value of ongum for n-type GaAs and a somewhat tribution of displacement currents. . o
lower value forp-type GaAs. Since the surface conductance !N @ sSpin-polarized tunneling experiment, the aim is to

was determined to be negligible, we attribute the measurefetect spin-polarized transmission through the tunnel barrier,

photocarrier collection area to the nonplanarity of the supWhich means that we should tune the junction to a high sen-

surface carrier flow. As we illustrated with electrostatic cal->'t™V'Y for _tunnel barrier "6‘.”5”."'35'0” ch_anges. The.”' the
culations, a locally applied reverse potential produces é’hOtOVOIta'(.: mode of operation Is appropriate, for which the
band-bending profile that acts as a focusing lens for the Colgunr;el barrllzer tc;‘onductan_;;(_a 1S fIQV\t/er thtatn thbet SChOTtky con-
lection of photoexcited minority carriers. According to our uctance. Furthermore, it IS of interest to oblain a low sen-

calculations, in the depletion region a focusing power ofSitiVity of _the tunnel current to variations of the OP“CQ'
more than two orders of magnitude is possible. This effecPOWer- This can be done by changing the externally applied

can be enhanced by a focusing effect during the diffusivé’ona.ge' Intgresti_ngly, for some materials we have qbserved a
orking point with the special feature that for a given ap-

trgr;zﬁ?rt of carriers that are generated outside the depletlo\giied vqltage the tunne;l current is insensitive to variations of
The sensitivity of the tunnel current to a modulation of the optical pqwel(cf. Fig. 1. . .
incident optical power was investigated. Good agreement In conclusion, _the presented model gives a gpod descrip-
was obtained between the experimental results and the modté(Pn of the experimentally observgd photoelgctncal proper-
calculations. The appearance of a modulated surface photHSES of moderately doped GgAs in-an amb|ent. ST'.V.I' The
voltage causes direct as well as displacement currents. Also odel aII'ows for.clear pred|pt|or_1$ on the appllcablllty of
signal due to thermal expansion was present. Phase-sensitil} otoe_xcned semlconductor tips in a STM. For fL_Jture direc-
detection allows for a separation of the different contribu-UoNs: 1t would be (_)f interest to study the transition from a
tions. hlgh to a low de_nS|ty of surface states, for example, by. pre-
To illustrate some consequences of our present undef3MNY the semmonduptor in-an qltrahlgh vacuum environ-
standing, we turn to the application of semiconductor tips foment 4853 by chemically treating the semlc;onductor
the detection of magnetic sample properties. Magnetic ima _urface_. ' Fl_thhermore, an 'F"Pro"e‘?' understandln_g .Of the
ing can be achieved in two distinct ways, namely, by h_ree-_dlmens_lonal band-bend|_ng pr_oflle and the majority and
magneto-optical near-field imagiignd by spin-polarized minority carrier transport sections is qeeded. T_h|s issue can
tunneling due to optical spin-orientatiéit! In magneto- experimentally be addressed by studying the minority carrier
optical imaging, the semiconductor tip operates as a |Oca(fplleqtlon area for materlalg of different doping density and
photodetector that maps the polarization-dependent optic fffusion length. Th_ese s_tudles may also reveal the hature of
properties of a magnetic material. This implies that the mairf"® observed configurations where the tunnel current is in-

interest is directed toward a small collection volume for pho_sgnsitive to variation; of the optical i_ntensity. Finally, for
tocarriers and a high sensitivity to variations of the Opticalmgh.—frequency 4apd .t|me-_r esoIveq optical STM stud|e_s on
intensity. In principle, the optical sensitivity of the tunnel semiconductoré! it will be interesting to establish a statisti-

current is highest for a material with a high Schottky barriercal model of the electronic interactions between the_semicon—
and a low doping density, operated in the photoamperiéjucmr bands, the surface states, and the metallic counter
mode of operatioriwhen the tunnel barrier conductance is electrode.
higher than the Schottky barrier conductané¢déowever, this

mode of operation is not always convenient, because the tun-

nel current becomes rather insensitive to changes of the tip- We thank J. Hermsen, J. Gerritsen, A. van Etteger and J.
sample separation, which can induce a loss of tunnel junctioman Huet for technical support. A. van Geelen kindly sup-
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photocarriers can be achieved fya reduction of the diffu- mink for critically reading the manuscript. Part of this work
sion length(higher doping density, or a different semicon- was supported by the Stichting Fundamenteel Onderzoek der
ductor materigl (i) a reduction of the optical penetration Materie (FOM), which is financially supported by the Ned-
depth to below the depth of the depletion regicediation of  erlandse Organisatie voor Wetenschappelijk Onderzoek
shorter wavelengih or (iii) a reduction of the focusing (NWO). The research of R. Groeneveld has been made pos-
power of the depletion fieldforward bias operation, or a sible by a fellowship of the Royal Netherlands Academy of
sharper tip. A possible reduction of the surface photovoltageArts and Sciences.
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