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Low-temperature scanning probe microscopy of surface
and subsurface charges
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The operation of a cryogenic scanning force microscope is demonstrated with a sensitivity of about
50fN/Hz at 5 kHz modulation. This microscope is used as an electrometer in noncontact mode in

order to map the local electrostatic forces and capacitance of several nanostructures at 4.2 K.
Capacitance imaging of nanostructured surfaces with subatto-Farad resolution is demonstrated.
© 2001 American Institute of Physic§DOI: 10.1063/1.1360780

Thanks to the extraordinary advances in scanning probeptical fiber. The cavity length of the interferometer is typi-
microscopy' it is now possible to map single electronic sur- cally of the order of 3Qum. The particularity of our design is
face charges with a spatial resolution of the order of 10Qhat the cavity length is electrically tunable. The 20 nm semi-
nm?2~% Recently, such techniques were extended to the deransparent gold coating on the flat end of the fiber has two
tection of subsurface charge accumulation deeper inside fanctions: that of increasing the finesse of the FabryePe
semiconductor heterostructut&oom-temperature scanning miniature cavity, but also and more importantly, to insure the
probe electrometers are based on atomic-force microscoplectrical fine tuning of its length at all temperatures. The
techniques using differential interferomet&rgonitoring le-  cavity length tuning is based on the fact that the Si soft lever
ver deflection. The complex optical arrangement and its fingspring constanK =0.04 N/m(Ref. 10] can be pulled elec-
tuning makes this microscope unsuitable for operation in afrostatically toward the gold-coated fiber end when a voltage
enclosed environment such as in a cryostat or a vacuutdr is applied between both mirror ends. As seen in Fig),1
chamber where remote adjustment of the interferomete@ tuning of the order of several wavelengtks-670 nm) can
alignment would be required. Alternatively, a very sensitivebe achieved with voltagddg ranging from 0 to 40 V. Stiffer
electrometer based on scanning a single electron transisteantilevers withK up to 0.5 N/m were successfully used but
over a sample surface was demonstrated with an unpregvith a reduced range of cavity length adjustment. A laser
edented combination of spatial and charge resolutiGm. ~ beam is launched into the other end of the optical fiber. The
far, this microscope remains unique since its operation resignal reflected back from this miniature Fabry+&eavity
quires a very critical preparation of the probe itself and neds detected outside the cryostat. The coherence length of our
cessitates liquid-helium temperatures for the operation of thtaser diode is short so that no spurious interference within
single electron transistor probe. Tessreeal® developed a the cavity formed in the 2-m-long monomode optical fiber
related version of a cryogenic charge-sensitive scanningill affect the lever signal. The power of the laser is adjusted
probe microscope. There the probe is a metallic tip conso that less than about 0BW of heat is absorbed at low
nected to the gate of a high electron mobility transistortemperatures. Maximum sensitivity to lever deflection is ob-
(HEMT) with extremely high sensitivity to charges. Al- tained by settingJ on one of the maximum slope of inter-
though the principle of its operation is very simple and el-ference fringes such as seen in Fi¢)1 Since the diameter
egant, its performance depends critically on the operatingf the optical fiber and the lever dimensions are in the 0.1
temperature, the proper contacting of the tip onto themm range, the whole interferometer is made very compact.
HEMT’s gate, and its shielding from spurious electrical field Its sub-mm size anuh situ electrical tunability makes it ideal
sources such as sample contacts. In order to remedy somefof operation in cryostats, high magnetic fields, or high
these shortcomings, we report in this letter on the developvacuum chambers. This compact interferometer is found par-
ment of a simple and robust optical-fiber-based scanningicularly stable since we observed no measurable drift from
electrostatic and capacitance microscope with a high sensits optimal working point during the typical time scale of an
tivity to electrical charge$0.01 electrons/(Hz) at the probe experiment(i.e., hour$. Pelekhov, Becker, and Nurege-
apex for operation ranging from liquid-helium temperatures
to ambient conditions.

The scanning probe force detection scheme in our mi-
croscope design, which is shown in Figa)l is based on
detecting the deflection of a lever-holding tip using a
miniature-fiber-based Fabry-@einterferometef-? Its cav- ]
ity is_ formed by the metallized back of a commercial Si (s 40 20 0 20 a0
cantilever and the polished gold-coated end of a monomode Uz (V)

(@ Op%:al fiber (end face) (b)

FIG. 1. (a) Schematic of the lever deflection detectidb) Reflected pho-
¥Electronic mail: khaled.karrai@physik.uni-muenchen.de tosignal as the microcavity is electrostatically tuned.
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FIG. 2. (a) Schematics of the flat tip electrostatic model with the electrical

connections(b) Aperture topography measured in contact mode at 4.2 K. FIG. 3. (a) ForceF,, experienced by the tip over the metal scr ition

A) and over the 150 nm apertu(position B. Inset: electrical schematics.

.. . (b) Corresponding tip—sample capacitance and topography across the aper-
ported on a cryogenic interferometer scanning contact forcgyre. The measurements were performed at 4.2 K.

microscope operating on a similar principle, the tuning of
their cavity length is achieved with a long piezoelectrical
ceramic in order to achieve sufficient length of cavity tuning.is first brought into soft conta¢t-1 nN) with the sample so
Such a long mechanical length between the two mirror endiat & topographical image of the nanoaperture in the gold
of the cavity leads to difficult control of the total optical Metal can be obtained. Such a topographical image is shown
length after cooling and increased sensitivity to mechanical? Fig. 2(b). The tip is then pulled away at about 30 nm
noise. In order to operate such a scanning probe microscop0oVve the surface at a safe distance away from jump to con-
as an electrostatic force microscope, a voltagis dropped ~ tact instabilities. The Fabry—R# interferometer is here very
across a conducting tip and a back contact behind thaseful since its signal gives the absolute tip—sample surface
sample. The commercial Si tip/lever is boron doped adistancez, . In this configuration, the oscillating,, andF,,
10%%cm™2 so that it remains metallic at all temperatures.forces are obtained from the interferometrically measured le-
Nevertheless, we coated the whole lever with a 10-nm-thiryer deflection assuming a spring constantkof 0.04 N/m.
platinum film in order to ensure the shortest possible depleln Fig. 3@ we show the magnitude df,, for the tip posi-
tion layer thickness at the tip apex. In order to screen thdioned inside the hole aperture and outside of it as a function
sample from the fields originating from the metal-coated fi-Of the back-gate voltagdl. Clearly, when the tip is over the
ber end at a potentidlr, the tip must be maintained at gold layer away from the nanoaperture, the modulated volt-
ground potential. A small modulation= \2u,mssin(wt) is  agdeu is screened and the resulting oscillating forces are van-
added toU in order to separate the local forces acting on theshing. In contrast, when the tip is positioned over the hole
tip from nonelectrostatic background forces. The electro@perture, it experiences a modulated fdfgemeasured to be
static force acting on the fip'? is given by F=(1/2)  Proportional toU in agreement with the expression given
X(9C13z)(U+ ¢+u)2. whereC is the probe to back con- above. For this measurement we have sgt=20mV,
tact capacitanceg is a sample potential that includes the @=2mX5 kHz, and a lock-in integration time constant of 1 s.
tip—sample contact potentiab, and the surface or subsur- During that integration time, the typical rnzsnoise in the
face localized charges, amds the tip—sample distance. Such lever—fiber distance was 06L0" *?m, corresponding to 20
an expression can be decomposed in the SurF +F, <10 °N. The situation for whictF, vanishes is reached
+F,,, where F_ =v2(dCldz)(U+ ¢)umssin(wt), and Wwhen the applied potenti&l cancels the contact potentidl
Fo,= %(aC/&z)ufisin(%t—rr/Z). Hence,p anddC/dzcan atU~—0.45V, as seen in Fig.(d. In order to quantify the
be obtained from a measurement of both theand 2»  Sensitivity of this electrometer, it is useful to relate the mea-
forces. In order to obtain the capacitar@eone would need sured force to the fraction of electron charge driven in and
to compute it from the measureridependence ofF,,,(z). out of the tip. We assume for now that the tip can be ap-
We will assume instead thaC/z has the functional form proximated by a small plate parallel to the back contact po-
obtained from a parallel-plate capacitor formed by a flat tipsitioned atz, below the sample surface, as shown in Fig.
and a sample. This rough approximation is, in principle, rea2(a). Within such an idealized electrostatic model, the force
sonable as long as the tip—sample distance remains mudétxperienced by the lever is given by,=(1/ega)Co(U
smaller than the tip radius. +qﬁo)u/(zt-l-zb)[a/e-l-(1—a)/egap]_2, where C, is the

We tested the microscope on a nanostructure of knowequivalent tip-to-back-contact vacuum capacitance and
geometry. A circular nanoaperture 150 nm in diameter is=z,/(z;+2,) is the fraction of the tip-to-back-contact vol-
defined in a 50-nm-thick gold film deposited onto a GaAsume filled with the sample material. In our measurements
modulation-doped structure. The GaAs sample is made of 2,=200nm, e~ 13, €4,,= 1, and the tip—sample, distance
200 nm insulating thin film grown on a hightydoped GaAs s typically set such ag=0.9. Within this model, the slope
back contact. The gold layer and the tip are placed at théFw/aU=Ca2(u/zb)/(eegag[a/e+(1—a)/egap]‘2 is pro-
same potential while the GaAs back contact is biased.at portional to C=Cye/«, the capacitance between the back
This sample geometry with a flat tip is sketched in Figl2 gate and the surfacé.e., the local sample capacitance
The electrostatic force measurements were performed in &imilarly, the tip-to-sample surface capacitance is given
vibration-isolated liquid-helium bath magnet cryostat operatby C;=Cg€gyp/(1—a) and JF,/dU=Cia(l—-a)(u/z,)
ing at 4.2 K. The microscope which is located in a vacuum-x(l/egap)[a/ewt(l— a)/egap]_z. A profile of the local
tight thin-walled stainless steel tube insert is plunged in thesample capacitanc€ is obtained by measuring the slope

He bath and cooled by 10 mbar of He exchange gas. The tipF ,/dU spectra along the tip position across the hole aper-
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ture. The capacitance profile & is plotted in Fig. 8b).
Given a conservative estimate for the noise floordéf,
~50x 10 *®*N/\Hz, we conclude that the Fabry-@e
measurement of the lever deflection is sensitive toalu-
lated charge induced in the tip apesf 6Q=Cu/[1l

+ al(1— a)(€gay/ €)1~0.012 electrons/Hz. This figure is
comparable to the HEMT-based scanning electrometer o
Tessmeret al® The main motivation behind this work is to
reach a force sensitivity to single localized subsurface elec- 140 [
trons when charging is induced near the back gate at a disA 120
tanceh above it. In this case, and in the limit bz, and @ 100k
z,>0, which apply to subsurface localized charges, the ™=
parallel-plate capacitor model of Fig. 2 shows that the tip”‘ 80 F
experiences an excess force due to a single chargg,gf
=Fe(f-—f.), where F{,,=—eE/2=—(1/2)e(U+ ¢, 2 0 1 2 12 -4 pN
+u)/(z+z,) is half the force experienced by a single elec- X (pm) 8 *72¢e
tron placed in a homogeneous electrical figlBoth dimen- FIG. 4. (a) Topography of the AlO; stripes(bright) on a gold back contact

sionless factor$ _ andf . are due, respectively, to the single (dark. (b) and (c) Corresponding=,, andF,,, forces. The resulting local

electron charge and its image in the back gate acting on énarge image is shown ift). The line scans of,, are shown in(e) for
disk-shaped tip of radius;,, and include the dielectric con- decreasing fip-to-gold-contact distancész=0 corresponds toz,+z
stants as well as the sample and tip geometrical informatior; 42 "™M- The noise-like features ife) over the ALO; stripes are fully

i ¢ ducible.
They are given by: reproducible

ft=2[a/e+(1—a)/egap]_1[1+ e/egap]_l [Fig. 4(c)] nor to the topography imagé-ig. 4(a)]. Figure
_ 4(d) shows the components of the,, image that do not
X{l_[rtzipl(thrzbih)ZJrl] . correlate to the~,, image, revealing in this way a map of
The term (_—f,) is positive and always smaller than localized charges. The number of localized charges indicated
unity. This shows that whilé??le)~0.4 pN for U+ ¢p+u in Fig. 4(d) is estimated by dividing this force image by 0.06
~1V, the correction factorf(_—f ) is for our sample and pN, the elementary force due to a single charge estimated
tip geometry of the order only of 0.015. In estimating this above. The noise level in the present measurement for this
geometrical correction factor we have assunmed25nm, sample structure limits our detection to about ten electrons.
z,=15nm,z,=200 nm, and 43,=50 nm. A measurement of In Fig. 4(e), severalF,, line scans are plotted for different
the @ component of ;¢ with u~10mV would then lead to  tip height. The noise-like features are fully reproducible and
F (16)o~0.06x 10" *>N, which is well bellow the noise level. correspond to the local charges on the@y stripes.
The detection of such a deep single subsurface charge would
be, in this case, hopeless without the possibility of modulat-
ing the charge itself. This can be done in charge-tunabl
semiconductor heterostructutdsia tunneling of the elec-
tron from the back gate into a quantum well located at dis
tanceh away. As an example for a realistic GaAs/InAs het-
erostructure, we have estimated that.~0.238 pN can be
induced when tunneling occurst & V potential for z, See, for example, R. Wiesendang&canning Probe Microscopy and
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