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Near-field surface photovoltage
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A phenomenon called near-field surface photovoltage is presented. It is based on inducing
photovoltage only at a semiconductor space-charge region using near-field illumination. The
photovoltage is obtained by measuring the contact potential difference between an optical near-field
force sensor and a semiconductor surface under illumination. It is shown that the near-field
illumination induces photovoltage at the surface which is principally different from photovoltage
induced by far-field illumination. The mechanisms that govern the different far-field and near-field
photovoltage response are discussed.2@0 American Institute of Physics.
[S0003-695(00)04132-2

Surface photovoltagéSPV) is a well-established tech- changes the surface potential of the sample and many mea-
nique for the characterization of semiconductors, which issured features may stem from spatially resolved tip-induced
based on analyzing illumination-induced changes in thébandbending.
semiconductor surface potential, in a contactless, nonde- With the development of the Kelvin probe force micros-
structive manner. The method is based on the following prinf;opy(KPl:l\/l),6 this major disadvantage was overcome; this
ciple. lllumination of a semiconductor surface by monochro-is because in the KPFM measurements the CPD between the
matic light results in charge exchange between the bandsample and tip is nullified. The KPFM has found many di-
and between the band edges and local electron states, if thgrse applications in recent years. It has been used to mea-
latter are present within the semiconductor band gap. Theyre surface electronic properties like: chafyestential?
photogenerated charge may be transferred from the surfaggotovoltage® and recently, minority-carrier diffusion
to the bulk (or vice versa and/or redistributed within the length!**2KPFM has also proved to be effective in electri-
surface or the bulk. As a result, the potential drop across thga) characterization of submicron devices like high electron

surface space-charge regi@8CR), and hence, the surface mobility transistord? and light-emitting diode&’
potential changes. These changes are monitored by measur- By combining the KPFM with illumination, a high-

ing the contact potential differen¢€PD) under illumination o501 tion two-dimensional map of the SPV can be obtained.
between the semiconductor surface and a reference electroci%gher spatial resolution SPV can be obtained by exciting a
The SPV method was first introduced by Brattain andsemiconductor using a nanometer-size light spot at exactly

_3 . . .
Bardeen™*and had found many diverse application over thethe same location where the CPD is measured by the KPFM

years. For almost five decades,.|t has bgen used asan ext%?)—. This can be achieved by using a sharp fiber tip like that
sive source of surface and bulk information on various semi-

- . used in the near-field scanning optical microscope, which
conductors and semiconductors interfat&hese research g op P

efforts have shed light on many scientifically and technologi-als0 serves as the KPFM probe. In such a case, the semicon-

cally important questions, especially in the areas of metal—dUCtor is excited with a laser passing through the near-field

semiconductor interfaces, semiconductor—insulator stateg)ptICaI fiber W,h'Ch raster scans above the sample surface.
surface states passivation, bulk defects, and minority-carrie'$ecause the diameter of the f'|ber ‘_"‘t the end of the probe is on
lifetime and diffusion length. To date, almost all the SPV- the or.der.ofzso n.m(<)\, the |IIum!nat|0n vyavelengi)h the
related techniquegapart from several preliminary reports resulting illumination has a near-field profile.
mentioned beloyw have a common significant draw back: In this letter, we show that such near-field illumination
they do not have high spatial and depth resolution induces surface photovoltage which is principally different
Scanning probe microscopy has opened opportunities tom photovoltage induced by far-field illumination. This
image electronic properties with unprecedented spatial resdear-field phenomenon, which we hereafter call the near-
lution. Both scanning tunneling microscogTM),® and field surface photovoltaggFSPV), introduces an additional
atomic-force microscop¥, have been modified to obtain depth dimension into SPV and KPFM measurements and
high-resolution maps of the electric surface potential distrifaves the way for a variety of ultra-surface-sensitive SPV
bution. The applications of the STM are limited to conduc-measurements and applications. The lateral resolution of the
tive samples and are prone to influence from the measurinhfFSPV technique is high because when the sample is in the
tip: In both the simple and synchronized-null STM schemesear-field region of the tigroughly within one aperture di-
an electric field exists between the sample and tip due to thameter from the end of the ipthe illumination spot size is
CPD between them, or due to an applied Bidhis field determined by the diameter of the aperture at the end of the
tip and is not limited by diffraction. The exact shape of the
3Electronic mail: shikler@post.tau.ac.i illumination area depends also on the permittivity and topog-
PElectronic mail: yossir@eng.tau.ac.il raphy of the sample surface and on the exact tip shape and
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Figure 1 shows a schematic of the NFSPV measurement ,
setup using an L-shaped optical fiber force serisi@anonics '
Supertips Ing. It is fabricated from a single-mode optical 0.5 +—————————r—————
fiber with special techniques for tapering such glass 00 05 10 15 20 25 30
structures>~1" The optical fiber tips were coated with gold,
p p 9 Log(I,/T)

which served also as the electrical contact to the fiber
through the fiber holder in the same way as for conventionatiG. 2. Near-fieldtop) and far-field(bottom surface photovoltage of a GaP
tips. The fiber was vibrated by a piezo mounted above thetructure as a function of the normalized illumination intensity.
cantilever. The KPFM measurements where carried out us-
ing a standard KPFM setup using Digital Instrumef#%-  structure includes two space-charge regions, one at the sur-
tended MultiMode Nanoscope Il with the Extender EleC-face(the p_GaP surface dep|etion regipand the second is
tronics Module atomic-force microscope. All the the buriedpn junction. Under far-field illuminationFig.
measurements were conducted in air at ambient pressure agg), the dashed linethe light is absorbed in the two SCRs
humidity; the measured sample was a GaP strudtif®a  (the absorption length in GaP far=488 nm is around 10
Inc.) consisting of=30 um p-type layer grown on an-type  ,m). This results in a decrease of the built-in voltage in both
substrate.

The surface sensitivity of the NFSPV is demonstrated in
the following way. The SPV, defined here as (a) n-type p-3t0ype
SPV=CPDjghi—CPDyay, Of the GaP structure was measured 4—lﬂ——>‘/
using an argon-ion lase\& 488 nm) under far-field and I
near-field illumination. Figure 2 shows the measured surface
photovoltage as a function of the ratio between the light
intensity (I) and the maximum light intensityl {~12 and
~0.3 W/cnt for the near- and far-field illuminations, respec-
tively) under near-fieldtop, solid line and far-field illumi-
nation (bottom, dashed line The dependence of the SPV on
the illumination intensity is logarithmic as expected for
super-band-gap illuminatiol¥. Two main differences are ob-
served in the results of Fig. 2. The first is that the sign of the
SPV signal is opposite for the two illumination regimes:
negative for the far-field, and positive for near-field illumi-
nation. The second difference is the slope of the SPV vs
log(l) between the two cases. Super-band-gap SPV under
low-injection-level conditions can be described PV
=(nkT/q)In(Bl), where » and B are proportionality ~
factors!® Similar expressions for SPV have been obtained by
different theoretical approaches like the depletion
approximatiorf’ the Schottky-diode modéf, and the con- )
stant quasi-Fermi-level approximatiéh. -

The different sign of the SPV in the two illumination

regimes can be explained with the_ help of the band diagramgg. 3. schematic band diagram of the GaP structure in the talid
of the GaP structure, presented in Fig. 3. The GaP banthes), and under far-fielda) and near-fieldb) illumination.
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junctions due to the photovoltaic effect. Since the substrate iaddition, these results are in agreement with the prediction of
grounded, and due to the fact that the band flattening in thBednyiand Badus® who interpretedy as being equivalent
pn junction is much larger than the one in the surface SCRo the ideality factor in a Schottky diode. Accordinghy,is
(due to larger built-in voltage the SPV is governed by the ideal (i.e., 1) for a recombinationless barrier, and smaller
burried junction, and thus it is negative as observed in thehan 1 when surface trapping of excess carriers is present.
measurementdig. 2 bottom line. In conclusion, we have presented a phenomenon called
The SPV response under near-field illumination is schenear-field surface photovoltage, based on band flattening due
matically described in Fig. (8), which shows only the to near-field illumination. This method may find important
p-GaP surface depletion region in equilibriugsolid line), applications both in semiconductor basic research and in
and under near-field evanescent-wave excitation. The buriet@chnological applications. For example, it can be used to
pn junction is not shown because the photocarriers are gerstudy SPV phenomena without the interference of bulk pro-
erated only in the vicinity of the surface SCR in the case ofcesses in semiconductors with very short diffusion length
near-field illumination(the typical decay length for the near- (GaN, for examplg In addition, complex devices like thin-
field illumination is the aperture size, i.e50 nm. The film transistors, high-electron-mobility transistors, and solar
excess carriers do not reach the bunedunction by diffu-  cells can be measured using the NFSPV with a reduced ef-
sion because the electron diffusion length in GaP=8 fect of the underlying layers. All these SPV measurements
um 12 and the thickness of the top layer is 30 um.  will also have high lateral resolution determined mainly by
Hence, the measured SPV is only due to band flattening ahe minority-carrier diffusion length.

the surface SCR. For a depleted surface, the minority carriers ) ) ,
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