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The realization of an all-chromium single electron tunneling~SET! transistor is reported. Chromium
was chosen as a normal metal with small grain structure forming the oxide layer with a low potential
barrier and great chemical and thermal stability. The transistor showed classicalI -V curves with an
offset voltage of 450mV and an amplitude of gate modulation of 160mV. Fitting a tunnel current
expression in the experimentalI -V curve gave a height of the potential barrierf5170 meV and a
width of the barrier d516 Å. The SET transistor showed a charge sensitivity of 7
31024 e/Hz1/2 at 10 Hz. © 1996 American Institute of Physics.@S0003-6951~96!03220-2#
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A new class of devices based on single charge tunnel
phenomena has been intensively developed in recent y
~see Refs. 1 and 2 for reviews!. These devices operate at low
temperaturesT and comprise tunnel junctions with a sma
capacitanceC@e2/kBT, wheree is the electron charge. The
devices have demonstrated unique properties, including s
electron charge sensitivity, the possibilities of manipulatin
electrons one by one, and of creating a current standa
However, the main drawback of such devices is their ins
bility due to the shift of a background charge. Several a
tempts have already been made to eliminate this instabi
by fabricating SET transistors on various substrates~Si,
SiO2 and Al2O3!

3 and by using different electrode materials4

but have not met with much success. It is clear that test
new materials for tunnel junctions and substrates could
very useful in bringing about an improvement of the nois
properties of these devices. Another purpose is to find a n
mal metal instead of the commonly used superconduct
aluminum, in which case we do not need to suppress
superconductivity by a magnetic field. We decided to u
chromium for several reasons. This material showed ve
good stability, excellent adhesion properties, and small gr
structure when we used very thin~6 nm! films of Cr as
resistors.5 Chromium forms a stable oxide layer which ca
be used for the fabrication of tunnel junctions.6 The low
potential barrier between the chromium oxide and other m
terials leads to comparatively thicker oxide barrier for th
same tunnel resistance, and, so, to a smaller capacitance
the same dielectric constant, and probably to more sta
junctions. The purpose of this work was to fabricate SE
transistors using Cr–Cr2O3–Cr tunnel junctions and investi-
gate the parameters of the tunnel barrier and noise prope
of the transistors.

The Cr–CrOx–Cr tunnel junctions were fabricated usin
electron beam lithography and shadow evaporation te
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nique. We used a double-layer resist composed of PMM
and copolymer~PMMA-PMAA ! for an e-beam mask as for
Al junctions. However, we had difficulty with the evapora-
tion of Cr as its melting point is higher than that of Al. When
the total thickness of evaporated Cr was 50 nm, the ma
cracked and samples could not be fabricated successfu
We then reduced the thickness of both electrodes and eva
rated the top one in several steps. The base Cr layer of 10
thick was evaporated from a thermal boat at a rate of 0.0
nm/s on an oxidized silicon substrate. The tunnel barrier w
formed by thermal oxidation in an oxygen atmosphere at
pressure of 23104 Pa for 15 h at room temperature. The
formation of the tunnel barrier was the most important ste
For the normal operation of the transistor, one shou
achieve a junction resistanceR high enough so thatR@RQ

[h/4e2'6.47 kV. For a typical junction area ofS50.01
mm2 we could not get a value of the resistance high enoug
A longer oxidation time did not result in an increase in re
sistance. The reason for this is a saturation level of Cr2O3 of
the order of 1 nm formed at room temperatures.7 The proper
resistance was achieved by reducing the junction area
0.003mm2 for transistor configuration. Due to different ge-
ometry, the area of single junctions made on the same su
strate was not reduced to the same level and all investig
tions were made for the transistor. The top electrode was
nm thick and deposited at the same rate as the base electr
but in two steps with a 5 min interval. Electrical contacts to
the chip were made by directly connected pogo pins to C
contact pads. Such contacts produced some instability
transistor operation. Silver paste on the contact pads help
to create more stable contacts. The measurements were m
in a dilution refrigerator at temperatures around 50 mK.

A I -V curve of a Cr transistor is shown in Fig. 1~a!. The
I -V curve has the classical Coulomb blockade shape of
normal metal transistor. TheI -V curve at higher bias volt-
ages referred to one junction is shown in Fig. 1~b!. At higher
voltages it has a noticeable curvature that was not observ
for Al junctions. The reason for this curvature is the suppre
sion of the tunnel barrier at voltages lower than for Al due t
the lower potential barrier for Cr tunnel junctions. The pa
rameters of the potential barrier, the heightw and the width
d, were determined from theI -V curve at higher bias volt-

ity,

ci-

ity,
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ages@Fig. 1~b!# using a formula derived by Simmons8 for the
tunneling current through the barrier of a rectangular sha

I56.231010 S/d2@~w2V/2!exp~21.025d~w2V/2!1/2#

2~w1V/2!exp@21.025d~w1V/2!1/2#, ~1!

wherew is in eV, d is in Å andS is in cm2. Due to the high
dielectric constant of Cr2O3 @«512 ~Ref. 6!#, the image force
correction was not taken into account. We also assumed
both junctions of the transistor are identical. For a corr
fitting of the expression~1! to the experimentalI -V curve,
the offset voltageVoff was subtracted from theI -V curve and
region near the beginning of coordinates~>3 mV! was not
taken into account for comparison with the theory. The b
fit of ~1! to the experimentalI -V curve gave the following
parameters of the barrier:w>170 meV andd>16 Å. The
height of the barrier is lower than for Al~w>1.6–2.4 eV! but
higher than for lead-alloy junctions with a Cr2O3 barrier
~w>20 meV!.6 For a single-electron transistor with barrie
suppression, the new type of peculiarities on theI -V curve
was predicted theoretically.9 We checkedI -V curves of the
transistor using a derivative techniques but did not find a
trace of this effect. The most probable reason is still re
tively high value of potential barrier~170 mV! in comparison
with the scale of charging effects~>0.5 mV!.

FIG. 1. ~a! The I –V curve of the SET transistor with Cr–CrOx–Cr tunnel
junctions atT550 mK. ~b! The experimental and theoreticalI –V curves at
higher bias voltages. The parameters of the potential barrier, the heigw
and the widthd, were determined for the best fitting of the theoretic
I –V curve calculated using formula~1! for the tunneling current through the
barrier of a rectangular shape.
Appl. Phys. Lett., Vol. 68, No. 20, 13 May 1996
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Junction capacitances were determined using two m
ods: through an offset of voltage asymptotes of theI -V curve
and through the gate modulation curve of the transistor.
termining the parameters through the offset voltage has
complications. The external impedance is changed at mo
ate voltages due to the transition from ‘‘global’’ to ‘‘loca
rule’’,10,11 and the potential barrier is suppressed at hig
voltages. We can expect a linearI -V curve in the region
between this two effects, somewhere around 10–20 mV.
determine more accurately the change of the offset voltag
different bias voltages, we calculatedVof5V2dV/dI3I 12

from the experimental data~Fig. 2!. The curve is not zero a
V50 due to intrinsic offset of the measurement system. T
curve has no clear plateau at voltages higher than 10 m
More than that, it is also apparent thatVof has more than
doubled at 10 mV in comparison withVof at small voltages,
which cannot be explained by the change in the exter
impedance. Analyzing the possible influence of suppress
of the potential barrier on offset voltage, we calculated
Vof using ~1! on assumption of rectangular potential barr
with an estimatedw and d of the barrier. The estimation
show the influence of this effect only after 20 mV and cou
not explain monotonic increasing ofVof at lower bias. We
see unique explanation of such dependence ofVof in the
nonuniformity of the barrier that gives different values ofw
for different parts of the barrier. For such a barrier one c
expect nonlinearity of theI -V curve at lower voltages. Pre
viously estimated parameters of the barrier should be con
ered as average values. ExtrapolatingVof back to zero volt-
age where the transistor should have no influence of b
effects of external impedance and barrier suppression,
value of the offset voltage can be estimated asVoff>450mV.
The offset voltage is related to the total capacitance of
transistor C(5C11C21Cg as Voff5e/C( that gives
C(50.36 fF.

The gate modulation characteristic of the transistor
shown in Fig. 3. A biased current was chosen for the m
stable operating point with nearly maximum amplitude
modulation. The device parameters can be deduced from
period and slopes of the modulation curve13 using a formula:
C1,25e/(dV/dVg)p,n /DVg , whereDVg is the period of the
gate modulation and symbolsp and n denote positive and
negative slopes of the modulation dependence. The est
tion results inC150.33 fF,C250.45 fF,Cg516 aF with a

ht
al

FIG. 2. Offset voltage of the transistor determined using the derivative
the I –V curve.
2903Kuzmin et al.
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total capacitance ofC(50.78 fF. The total capacitance is
twice as large asC( estimated from the offset voltage. Suc
a discrepancy is typical for transistor experiments.14 The rea-
son for the higher offset voltage could be double tunnelin
through the barrier of each junction.15 Such double tunneling
inside the junctions results in an additional offset voltage b
does not increase an amplitude of the gate modulation. T
effect is more noticeable for junctions with higher resistanc
Dependence of the offset voltage on junction resistance c
be seen for large statistics of the junctions in Ref. 16.

The noise measurements of the transistor were made
ing a spectrum analyzer over a wide frequency range fro
0.2 Hz up to 1 kHz~Fig. 4!. The input charge noise was
defined using a formulaQN5CgVN(dVg /dV) whereVN is
voltage noise measured at the output of transistor. Below 1
Hz, the noise referred to the input charge showed a 1/f 1/2

spectrum that is typical for the two-level charge tra
fluctuations.17 The peak at 2.3 Hz was due to mechanic
vibrations of the sample holder in a top loading cryosta
Two peaks at 50 and 100 Hz were due to the line influenc
Two peaks around 230 and 450 Hz were stable and c
nected to transistor operation but their origins were not cle
Noise measurements made on different days produced dif
ent results and showed a tendency for the noise to dimin
with time. One of the best measurements showed a cha
sensitivity ofQN>731024e/Hz1/2 at 10 Hz which is of the
same order as for aluminum junctions. The reason for su
an unstable transistor operation could be an imperfect tun
barrier consisting of a saturated layer of Cr2O3 ~about 9 Å!
and adsorbed oxygen. This assumption of additionally a
sorbed oxygen is supported by the estimated thickness of
barrier which appeared to be higher than the saturation le
of Cr2O3. We believe that a transistor with a perfect Cr2O3

barrier could be created by using substantially higher te
peratures ~more than 200 °C! for oxidizing the base
electrode.7 Stability of chromium against oxidation opens u
new possibilities for direct-writing technology which ex
poses the sample to the ambient environment between
fabrication of the electrodes. This technology allows us
use independent lithography for each layer and oxidize t
base Cr layer at higher temperature after removing t
e-beam resist of the first layer.

FIG. 3. Output voltage as a function of the gate voltage at a fixed b
current near the Coulomb blockade region.
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FIG. 4. Charge sensitivity of the SET transistor as a function of frequen
for low ~a! and high~b! frequency regions.
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