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Kelvin probe spectroscopy of a two-dimensional electron gas below
300 mK
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A scanning force microscope with a base temperature below 300 mK is used for measuring the local
electron density of a two-dimensional electron gas embedded in[Al{Ba heterostructure. At
different separations between atomic force microscope tip and sample, a dc voltage is applied
between the tip and the electron gas while simultaneously recording the frequency shift of the
oscillating tip. Using a plate capacitor model, the local electron density can be extracted from the
data. The result coincides within 10% with the data obtained from transport measureme2@3©
American Institute of Physics[DOI: 10.1063/1.1614836

The electron density of two-dimensional electron gases dF
(2DEGS is usually determined by magnetotransport experi- ~ Afe-==F. @
ments. The carrier density can be either extracted from the
low-field slope of the Hall resistance or from theBlperi-
odicity of Shubnikov-de Haas oscillations. In additi@y-V
profilometry~* and magnetocapacitance experimghtare
versatile tools to detect the electron density in an electro

By applying a dc voltage between the metallic tip and
the sample, the density is modified. In a metallic system one
expects a parabolic voltage dependence of the force gradient.
. "he curvature of the parabola is determined by the capacitive
gas located below a metallic top-gate electrode. . : e

Here we set out to use a Kelvin probe technique in Ordecouplmg between tip and sample. The position of the apex of

’ P q the parabola determines the contact potential difference

to measure .the local elec_tron dens!ty in & 2DEG below tthCPD of the two metals. This method is generally known as
conductive tip of an atomic force microscope. 16-18

: . . ) Kelvin probe:
The 2DEG_|nvest|gated IS emb_edded in g AlgAs het- Figure 1 shows Kelvin probe data measured at different
erostructure with the electrons buried 40 nm below the surg

S . ip—sample distances with a 2DEG below the tip. The curva-
face. No mesa structure was imprinted. Ohmic contacts at tht%re of the measured curves is different for positive and

sample edges allow us to measure the four-terminal resigyoqative voltages as indicated by the fit to the 9-nm curve.
tances at low temperatures and to determine the carrier defy,a reason lies in the depletion of the electron gas below the

sity through transport measurements. _ tip for positive voltages. This changes the tip—sample capaci-
The sample is mounted in a home-built scanning probg;nce and thus reduces the force coupling.
microscope(SPM) situated in a’He-cryostat in which an

operating temperature below 300 mK is reached routinely.
Scanning is performed with an electrochemically etched me-
tallic tip attached to the end face of one prong of a piezo-
electric quartz tuning forR-*?

Optical detection of the cantilever deflection is not suit-
able for our purposes, because the sample’s electronic prop-
erties are sensitive to liglipersistent photoeffectTherefore
the setup relies on a piezoelectric measurement of the tip
oscillation utilizing a phase-locked loop measuring the
change in resonance frequency upon changes in the tip—
sample interaction®!* The relative accuracy of the fre-
quency detection is better than 170711%

In a dynamic mode SPM at small tip-oscillation ampli-
tudes, the measured frequency siift does not directly re- FIG. 1. Kelvin probe at different tip—sample distances. On the vertical axis

flect the forceFs acting on the cantilever, but rather the e frequency shiftf is plotted versus the bias voltageon the horizontal
force gradientt axis. The solid line indicates the parabolic fit to the data taken at 9-nm
tip—sample separation. We choose the sign of the voltage always with re-
spect to the 2DEG; that is, a negative voltage indicates that the negative
dElectronic mail: ensslin@phys.ethz.ch contact is connected to the electron gas.
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FIG. 2. Relative Kelvin probe. The data from Fig. 1 are divided by their
respective parabolic fit. Inset: The position where the depletion sets in
(Ugep) is defined as indicated in the inset, as the point where the tangent to
the curve crosses the=1 axis.

The electrostatic force gradieri;; between tip and
sample responds to a change in the bias voltages

. 1dC(z,V) )

=5 gz (U~ Uced? @
where C(z,U) is the tip—sample capacitance. For metallic o1 ]
samplesC(z,U) is independent oU and the maximum of 0100 200 300 400 500 600 700
the parabola is shifted in voltage b-pp. The experiments Az [nm]

were performed after a series of image scans. The tip was nlcg}G 3. () Deplet " otted e ¢ e dist t

- - i . . 3. (a) Depletion voltage plotted versus the tip—sample distance a
very sharp,' '”‘?re"",s'”g the tip—sample capgcngnce. which the Kelvin probe was recorded. The electron density extracted from
The solid Ime in Fig. 1 shows a pargbollc fit to the 9-NM the transport data gy =1.70x 10" cm 2 and ngg=1.56x 10 cm™ 2.
trace. At negative bias voltages, the fit was made to agreehis leads to the solid lines in the graph. Inset: Model geomédiyContact
well with the data; that is, in the regime in which the electronpotential differencecpp plotted as a function of\z.

gas is not depleted. At positive voltages, however, at which

the electron gas becomes depleted and the tip—sample cowhere ngo) is the charge carrier density fdd =U cpp and
pling is weakened due to the voltage dependence ofi(U) is the voltage dependent charge carrier density in the
d’C(z,U)/dz?, the curvature is reduced. Already in Fig. 1, a 2DEG underneath the tip.

relation between the point, where the depletion sets in, and  For total depletion under the tim{(Ugep) =0 and the
the tip—sample distance can be seen. This point of depletiogepletion voltage is

will be the focus of the following discussion.

In order to determineUyq, quantitatively, the ratio en®
Afhead Afsi; IS evaluated as a function &f (see Fig. 2 We U gep= Ucpot > (e,D+ €,2); ®)
define the depletion voltagd ey as the position of the knee €0€1€2

in Afcad Afg determined as shown in the inset of Fig. 2.
These depletion voltages are plotted versus the respectibat is, there is a linear dependence between depletion volt-
tip—sample separation in Fig(é. The broken line is a linear age and tip—sample separatiéa. The free parameter deter-

fit to the data. mining the slope ol 4e,(2) is the electron densitp{® of
We approximate our setup with a plate capacitor modethe 2DEG.
to extract a local electron sheet density from this data. From the data plotted in Fig.(8, a local electron den-

One capacitor plate, the tip, resides at a distanabove the  sity of na=1.9x 10> m~2 is extracted from the slope of

sample surface. The 2DEG is buried underneath a GaAs cdpe data points. This compares to the electron densities ob-
layer of thicknes®D. The dielectric constants aeg=1 for  tained from Shubnikov—de Haas and Hall transport measure-

the vacuum and,=12 for GaAs[see inset in Fig. @)]. ments. They aren,,=1.70x10 *m 2 and ngy=1.56
For U<Uyep, the total capacitanc,,(2) is assumed to X 10~ **m~2. The corresponding curves in Fig(aB have
be independent of voltage and given by been generated using E@®).
The three results differ slightly. Considering that the
Col2) _ _€o1€2 methods and scopes of the three measurements are different,
A €2+ €D’ this is not unexpected. The local measurement probes the
whereA is the area of the plates. local properties of the electron gas right underneath the tip
The charge density in the 2DEG is given by whereas transport measurements average over the whole
sample area. Scanning electron microscope images of the tip
en(U)= A_Q: _ C_tot(U ~Ucpp +en, performed gft(_er warming suggest a tip radm_sin the range
A A of 1 um. This is more than an order of magnitude larger than
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the average tip—sample separation, and hence the plate ca- The authors acknowledge financial support from the
pacitor model is justified. Swiss National Science Foundation.
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