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High-scan-range cryogenic scanning probe microscope
S. Urazhdin, I. J. Maasilta, S. Chakraborty, I. Moraru, and S. H. Tessmera)

Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824

~Received 31 May 2000; accepted for publication 27 June 2000!

We have designed and constructed a scanning probe microscope operable at temperatures down to
260 mK within a top-loading helium-3 cryostat. It achieves a large scan range with the sample
situated near the bottom of the scanning head—maximizing the cooling efficiency of the liquid
helium. The scan head is completely thermally compensated, thus eliminating thermal expansion
and contraction on cooling and warm-up, as well as thermal drift during operation. We demonstrate
the performance using two distinct scanning probe methods: scanning tunneling microscopy and
charge accumulation imaging. ©2000 American Institute of Physics.
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I. INTRODUCTION

A number of scanning-probe-microscopy-based te
niques have been developed utilizing signals such as tun
ing current, atomic force, and magnetic force to stu
surfaces.1 Scanning tunneling microscopes~STM! typically
need a high degree of stability to achieve atomic resolu
topography and/or high-quality spectroscopy. The high s
bility and rigidity of the scanning head necessitate its sm
dimensions, leading to small scan ranges. On the other h
experiments which probe mesoscopic phenomena2 often re-
quire micron-scale scanning range as well as prolon
stable operation at cryogenic temperatures.

It can be challenging to construct piezoelectric-bas
microscopes compatible with cryogenic operation t
achieve a high scan range. Simply incorporating long~5–10
cm! piezoelectric tubes into the popular Besocke design3 re-
sults in a high position for the sample relative to the bott
of the scan head. This can make it difficult to efficiently u
liquid helium to cool the sample. For example, in the dire
immersion scheme, once the liquid level drops below
sample, its temperature begins to rise. It is generally adv
tageous to have the sample as close to the bottom of
microscope as possible—reducing the volume of undispla
liquid below the sample.

One of the designs intended to solve this problem
shown in Fig. 1.4 The sample holder is placed on three sh
carrier piezoelectric tubes used for the sample coarse p
tioning. An 8-cm-long scanning tube is situated above
sample to provide a large scan range. The drawback of
design is a lack of thermal compensation, as can be s
from Fig. 1. The contraction of the metal body upon cooli
is of the order of 0.5 mm, much greater than that of
piezoelectric ceramic. This will lead to a crash unless ex
precaution is taken. Moreover, even at the base tempera
minute thermal instabilities can lead to significant drift
tip-sample separation; fluctuations as small as 10 mK w
found to cause nanometer-scale shifts.

a!Electronic mail: tessmer@pa.msu.edu
4170034-6748/2000/71(11)/4170/4/$17.00
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II. DESIGN

Our goal was to build a scanning head that combin
large scanning range with complete thermal compensat
Moreover, we required dimensions sufficiently small to
within the bore of a superconducting magnet~3.9 cm diam-
eter! inside a top-loading commercial liquid helium-
cryostat.5 The main advantage of the top-loading probe
easy access to the scanning head and sample withou
necessity of warming the cryostat. To achieve high cool
power and thermal stability, the tip and sample are immer
directly in liquid helium 3. We find that the He atmosphere
an inert environment comparable to high vacuum conditio

A schematic of the design is shown in Fig. 2~a!. The
7.6-cm-long piezo tubes are soldered to the top plate wh
is rigidly attached to the probe. The sample rests on the sm
feet that are part of cylindrical legs, as indicated in the figu
The legs are a central part of the design, shown in Fig. 2~b!.
A mechanism inside the legs allows the supporting feet to
rotated; by rotating each foot 180°, we open the space be
the tip—permitting the sample holder to be loaded from
bottom. Each leg consists of a piston rigidly attached to
foot, and a small Be–Cu compression spring. The resul
upward pressure on the piston presses the supporting p
against the leg, without limiting its rotational motion.
groove made in the leg fixes the piece in two positions,
rected inward or outward. As is evident from Fig. 2~a!, the
scanning head is thermally compensated; indeed, we find
significant change in tip-sample separation as the temp
ture varies from 300 K to 300 mK.

Figure 2~c! shows a bottom view of the assembly. Th
sample holder is similar in design to the Besocke ramp6

except that the sloped ramps and the sample are situate
opposite sides. We chose a slope of 2°, yielding a coa
vertical positioning range of 0.4 mm. Moreover, the sam
sits on a positioning screw, that allows manual vertical po
tioning in the range of almost 1 cm. This is important
preventing the tip from being accidentally crashed during
insertion of the sample. In practice, the sample is typica
0.5 cm from the tip after initially inserting the sample holde
Of course, before we can turn the positioning screw to br
0 © 2000 American Institute of Physics

 license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp



i
de

a
ti
e
ot
W

s

be

s
p
is
e

e

i-
sed

f 34
zo
very
in

c-
e.
to

ion
nic
We
sec-
in-

t part

int

riety

g

ing
-
ge
mu-
-

gle-
nd

ng
e
ge
-

-in
ew
o dc

e
mly
geo-
ter-

e re-
the

ess-
be
as

o-
-
es.
d in
nce
ned

er
th
ck

s a
c
n

a

y
e

e o
ot
he
ed
itio
.

4171Rev. Sci. Instrum., Vol. 71, No. 11, November 2000 High range cryogenic probe microscope
it closer, the position of the ramps must be fixed. This
accomplished by pinching the sample holder from the si
using the three clamping screws, shown in Fig. 2~c!. The
clamping screws are attached to the brass displacer that
serves to screen electrical field generated by the opera
piezo tubes. After the clamping screws are removed, an
cap is put in place. The interior of this cap provides a smo
surface for contact with the sides of the sample holder.
ensure low friction by applying MoS2 powder to the interior
surface of the cap in addition to the sides and the ramp
the sample holder.

III. OPERATION

The microscope is cooled by slowly lowering the pro
into the cryostat—achieving a cooling rate of;1 K/min.
There is little risk of mechanical vibrations causing a cra
during this procedure, as gravity tends to pull the sam
away from the tip. Finally, the fine sample approach
achieved by the standard inertial walking procedure utiliz
in Besocke-type designs.6 We find our scanning piezo tub

FIG. 1. Schematic of a microscope design utilized by a handful of exp
ments, including Ref. 4. The thermal-contraction mismatch between
metal body~hatched! and piezoelectric tubes represents a major drawba
Essentially, in response to temperature fluctuations, the body expand
contracts much more than the piezo ceramic. These uncompensated flu
tions in heighth result in significant variations of the tip-sample separatio

FIG. 2. ~a! Schematic of scanning head. Both the tip and the sample
supported by identical piezoelectric tubes~dimensions: 7.6-cm-long34.8-
mm-diam30.8 mm wall thickness!. As a result the unit is nearly perfectl
thermally compensated. The displacer, outlined in dashes, screens th
from the electric fields of the piezo tubes. All the metal parts are mad
brass, shown hatched.~b! Sketch of support leg showing the rotating fo
assembly.~c! Bottom view of the microscope. The clamping screws fix t
ramps to allow the positioning screw to be turned—the sample is attach
the other side of this screw. In this way, we can adjust the vertical pos
of the sample by as much as 1 cm. The diameter of the unit is 3.8 cm
Downloaded 06 Oct 2003 to 35.9.66.61. Redistribution subject to AIP
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~7.6-cm-long34.8-mm-diam30.8 mm wall thickness! to
have a sensitivity of 1300 Å/V laterally and 73 Å/V vert
cally at helium temperatures. Using commercially purcha
electronics7 which provide a voltage range of6130 V, we
thus achieve an impressive cryogenic lateral scan rage o
mm. The same large range of motion of the carrier pie
tubes also enables us to do the fine sample approach
quickly. Typically, the full range of the ramps is traversed
approximately 2 min at helium temperatures.

We find the microscope to be sufficiently stable to fun
tion without a low-temperature vibration isolation stag
With regard to the entire cryostat, we have taken care
minimize building vibrations using a bungee cord suspens
system. Mechanical pumps which are part of the cryoge
system represent a major source of additional vibrations.
have decoupled those modes by using tubing that has a
tion made of flexible rubber, connected to a section of sta
less steel. That produces an impedance mismatch so tha
of the vibrations are reflected at the junction.8 We have also
connected the tube rigidly to a heavy lead block at one po
and immersed it into a sandbox at another.

The microscope has been designed to measure a va
of signals. Here we demonstrate operation for STM~tunnel-
ing mode! and for charge accumulation imaging~capacitance
mode!—appropriate for semiconductor and insulatin
samples. Charge accumulation imaging4 is a recently devel-
oped method — essentially a cryogenic form of scann
capacitance microscopy.9 By monitoring the ac charge in
duced on a metal tip as a function of ac excitation volta
applied to the sample, we measure the local charge accu
lating directly below the tip. A key component is a low
temperature charge sensor, originally developed for sin
electron capacitance spectroscopy by Ashoori a
co-workers.10 This sensor is mounted directly to the scanni
tube together with the tip. Utilizing low-input-capacitanc
high-electron-mobility transistors, the noise level for char
detection is;0.004e/AHz. We operate the sensor at kilo
hertz frequency range, up to 100 kHz, limited by the lock
amplifier used to measure the signal. The tip is kept a f
nanometers above the surface of the sample so that n
conduction between the sample and the tip takes place~no
large dc bias voltage is applied!; thus we only measure th
capacitively induced charge. For samples that are unifor
good conductors, the measured signal simply equals the
metrical capacitance between the tip and sample. More in
esting phenomena can be probed for samples that hav
gions that act as poor conductors. In these cases,
capacitance signal reflects the local resistivity and compr
ibility of the system. Moreover, the conducting layer can
buried within the sample below a dielectric surface, such
within a semiconductor heterostructure.

Figure 3~a! shows a 35mm335 mm topographic image
of a platinum sample with a grid of 5mm35 mm pits that are
1800 Å deep, obtained in tunneling mode with the micr
scope at room temperature. The 35mm scan range is ap
proximately the maximum range at helium temperatur
Figure 3~b! shows line scans across a single pit measure
both tunneling and capacitance modes. For the capacita
scan no feedback was used; the tip was simply scan
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above the sample in a straight line. The tunneling mo
clearly has better resolution, comparing the sharpness o
walls. This is natural because tunneling takes place onl
the apex of the tip on atomic scale, whereas the resolutio
the capacitance mode is determined by distance betwee
tip and the sample and by the radius of curvature of the t
apex,;40 nm for our chemically etched tips.11 Nevertheless,
Fig. 3~b! also shows that capacitance mode can give us m
information than just the topography, even for simple me
lic samples. As is clearly visible, capacitance has lo
maxima at the edges of the pits, as expected from elec
statics~electric field is higher around sharp corners!.

Figures 4 and 5 demonstrate cryogenic operation usin
GaAs–AlGaAs heterostructure sample containing a tw
dimensional electron system~2DES! 60 nm below the sur-
face. No direct electrical contact is made to the 2DES;
stead we apply the ac excitation to a three-dimensio
electrode 30 nm below the 2DES, separated by a tunne
barrier. The tip-sample approach is achieved in the tunne
mode, i.e., monitoring the tunneling current with the fee
back loop on. It should be pointed out that this approa
scheme works despite the 60-nm-thick insulating barrier
tween the tip and the 2DES. We find that a large bias volt
on the tip of 110 V sufficiently tilts the barrier to allow
tunneling to surface states; tunneling current;100 pA can
then be achieved. Hence, scanning the tip while using fe
back to maintain a constant current yields the surf
topography— just like standard STM. This vital informatio
helps us to avoid tip-sample crashes for subsequent ca
tance measurements, which are typically performed with
feedback.

Figure 4~a! shows a tunneling mode image of the surfa
topography, taken at 4.2 K, with a cross section shown

FIG. 3. ~a! A 35 mm335 mm topographical image of a platinum samp
with a grid of 5 mm35 mm pits that are 180 nm deep, obtained at roo
temperature.~b! Cross section across a single pit measured both in
tunneling mode~solid line! and in capacitance mode~dashed line!.
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Fig. 4~b!. As we see, the surface consists of elonga
mounds of various sizes. Such features are typical of
epitaxially grown GaAs~001! surface, where the mound
tend to be elongated along the@1̄10# direction.12 With regard
to capacitance measurements, so far we have implicitly
sumed that the tip acts simply as a measuring device with
perturbing the system. Indeed, the charge accumulation
be imaged noninvasively.4 But we can also study how the ti
can perturb the 2DEG locally by applying a dc bias voltag
Figure 5 shows the signal as a function of the dc bias on
tip, at a temperature of 260 mK. As we decrease the
voltage, the signal drops abruptly around20.5 V. This is the
potential VO where the 2DES becomes depleted local
shown schematically as a black hole in Fig. 5~inset!. As
indicated by the arrows, further decrease of the bias volt
causes the depleted hole to grow in size. The 15 aF ma
tude of the step can be compared to a simple electros
model, where the step height is the difference in capacita
between a fully charged 2DES layer and the tip, and
locally depleted 2DES and the tip~capacitance to the bac
electrode!. The comparison allows us to estimate the rad
of the depletion hole atVO. We find the radius to be roughly

e

FIG. 4. ~a! Topography of the GaAs surface of our heterostructure sam
measured at 4.2 K. To increase the contrast of the image, high pass filt
has been performed.~b! Cross section of the topography raw data, the loc
tion of which is shown in Fig. 5~a! by the line. The noise level is less tha
1 Å rms.

FIG. 5. Dependence of the capacitance signal on the tip dc bias voltage
step feature marks the potentialVO where the 2DEG becomes deplete
locally. The data were acquired at 260 mK.
 license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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equal to the tip-2DES separation—consistent with numer
modeling of similar systems.13

In conclusion, we have constructed and tested a cr
genic scanning probe microscope operating at temperat
down to 260 mK. The design offers the following adva
tages:~i! It achieves an impressive scanning range~34 mm!
at liquid helium temperatures, suitable for studies of mes
copic samples.~ii ! The stability of the design enables us
conduct experiments lasting for several days without sign
cant drift of tip-sample separation, or lateral position of t
tip. ~iii ! The microscope is fully thermally compensated, e
hibiting no significant change in tip-sample separation up
cooling from room temperature to liquid helium temper
tures.
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