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The realization of an all-chromium single electron tunneli8&7) 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 clds$laalrves with an
offset voltage of 45QuV and an amplitude of gate modulation of 16¥. Fitting a tunnel current
expression in the experimentalV curve gave a height of the potential barrig+=170 meV and a
width of the barrier d=16 A. The SET transistor showed a charge sensitivity of 7

X 10"* e/HzY? at 10 Hz. © 1996 American Institute of Physid$S0003-695(96)03220-7

A new class of devices based on single charge tunnelingique. We used a double-layer resist composed of PMMA
phenomena has been intensively developed in recent yeaasd copolyme(PMMA-PMAA) for an e-beam mask as for
(see Refs. 1 and 2 for revievd hese devices operate at low Al junctions. However, we had difficulty with the evapora-
temperature§ and comprise tunnel junctions with a small tion of Cr as its melting point is higher than that of Al. When
capacitanc&C>e?/kg T, wheree is the electron charge. The the total thickness of evaporated Cr was 50 nm, the mask
devices have demonstrated unique properties, including suls¥acked and samples could not be fabricated successfully.
electron charge sensitivity, the possibilities of manipulating¥ve then reduced the thickness of both electrodes and evapo-
electrons one by one, and of creating a current standardated the top one in several steps. The base Cr layer of 10 nm
However, the main drawback of such devices is their instathick was evaporated from a thermal boat at a rate of 0.05
bility due to the shift of a background charge. Several atnm/s on an oxidized silicon substrate. The tunnel barrier was
tempts have already been made to eliminate this instabilitformed by thermal oxidation in an oxygen atmosphere at a
by fabricating SET transistors on various substratsg  Pressure of X10" Pa for 15 h at room temperature. The
SiO, and ALO,)® and by using different electrode materfals formation of the tunnel barrier was the most important step.
but have not met with much success. It is clear that testingO the normal operation of the transistor, one should
new materials for tunnel junctions and substrates could b@Chieve a junction resistanéhigh enough so thak> R
very useful in bringing about an improvement of the noise= h/24e ~6.47 K). For a typical junction area 0=0.01
properties of these devices. Another purpose is to find a noM" We could not get a value of the resistance high enough.
mal metal instead of the commonly used superconductin@_ longer oxidation time d|d_ not result in an increase in re-
aluminum, in which case we do not need to suppress thaistance. The reason for this is a saturation level gOgpf

;
superconductivity by a magnetic field. We decided to usdN€ order of 1 nm formed at room temperaturéie proper
chromium for several reasons. This material showed very€SiStance was achieved by reducing the junction area to

good stability, excellent adhesion properties, and small grai 003 um? for tranS|st.or copflguratlon. Due to different ge-

structure when we used very thig® nm) films of Cr as ometry, the area of single junctions made on the same ;ub—

resistors. Chromium forms a stable oxide layer which can s_trate was not reduced to the_z same level and all investiga-

be used for the fabrication of tunnel junctichdhe low tions were made for_ the transistor. The top electrode was 20

potential barrier between the chromium oxide and other m nm thick and deposited at the same rate as the base electrode
ut in two steps wh a 5 min interval. Electrical contacts to

terials leads to comparatively thicker oxide barrier for the . . :

same tunnel resistance, and, so, to a smaller capacitance gre chip were made by directly connected pogo pins to Cr
. . ' e P contact pads. Such contacts produced some instability in

the same dielectric constant, and probably to more stabl

. . . . ansistor operation. Silver paste on the contact pads helped

Junctl-ons. Th? purpose of this work_ was o fabnc;ate S.ETto create more stable contacts. The measurements were made

transistors using Cr—@D;-Cr tnnel Ju_nctlons aqd Invest- _in a dilution refrigerator at temperatures around 50 mK.

gate the parameters of the tunnel barrier and noise properties A 1-V curve of a Cr transistor is shown in Figial The

of the transistors. o _ ~1-V curve has the classical Coulomb blockade shape of a
The Cr—CrQ-Cr tunnel junctions were fabricated using norma| metal transistor. The'V curve at higher bias volt-

electron beam lithography and shadow evaporation tech;ges referred to one junction is shown in Figo)LAt higher

voltages it has a noticeable curvature that was not observed
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Voltage, mV FIG. 2. Offset voltage of the transistor determined using the derivative of
the -V curve.
2
(b) Junction capacitances were determined using two meth-
B Experiment ods: through an offset of voltage asymptotes ofltheé gurve
Th and through the gate modulation curve of the transistor. De-
< eory termining the parameters through the offset voltage has two
3, complications. The external impedance is changed at moder-
3 ate voltages due to the transition from “global” to “local
s 1] 10 11 . . . .
= rule”,~** and the potential barrier is suppressed at higher
5 -1r voltages. We can expect a linebtVV curve in the region
between this two effects, somewhere around 10-20 mV. To
determine more accurately the change of the offset voltage at

210 005 0.00 005 .10 different bias voltages, we.calculated,fzV—.dV/dI><I12

Voltage, V from the experimental datdig. 2). The curve is not zero at

i V=0 due to intrinsic offset of the measurement system. The

.FIG..l. (@ Thel-V curve of the SET transistor with Cr.—C;QCr tunnel curve has no clear plateau at voltages higher than 10 mV.
ju_nctlonsf afT=50 mK. (b) The experimental and theo_retldalf\_/ curves at More than that, it is also apparent th\a& has more than
higher bias voltages. The parameters of the potential barrier, the hgight doubled 10 mV i . it Il vol
and the widthd, were determined for the best fitting of the theoretical Ol_'l ed at mv in companson Wit at sz?l voltages,
I -V curve calculated using formu(d) for the tunneling current through the which cannot be explained by the change in the external
barrier of a rectangular shape. impedance. Analyzing the possible influence of suppression

of the potential barrier on offset voltage, we calculated the

ages Fig. 1(b)] using a formula derived by Simmdhier the ~ Vor Using (1) on assumption of rectangular potential barrier

tunneling current through the barrier of a rectangular shape¥ith an estimatedp and d of the barrier. The estimations
show the influence of this effect only after 20 mV and could

1=6.2x10'" S/d*[(@—V/2)exp( —1.025(¢—~V/2)¥]  not explain monotonic increasing &f, at lower bias. We
_ _ 1/2 see unique explanation of such dependence/gfin the
(¢+VIZexd —1.025(¢+ViI2) ™, @) nonuniformity of the barrier that gives different values¢f
whereg is in eV, dis in A andSis in cn?. Due to the high for different parts of the barrier. For such a barrier one can
dielectric constant of GO; [e=12 (Ref. 6], the image force expect nonlinearity of thé-V curve at lower voltages. Pre-
correction was not taken into account. We also assumed thatously estimated parameters of the barrier should be consid-
both junctions of the transistor are identical. For a correcered as average values. Extrapolating back to zero volt-
fitting of the expressiorfl) to the experimental-V curve, age where the transistor should have no influence of both
the offset voltagd/ s was subtracted from theV curve and effects of external impedance and barrier suppression, the
region near the beginning of coordinates3 mV) was not value of the offset voltage can be estimated/gg=450 uV.
taken into account for comparison with the theory. The bestThe offset voltage is related to the total capacitance of the
fit of (1) to the experimental-V curve gave the following transistor Cy=C;+C,+Cy as V,s=e/Cy that gives
parameters of the barriepp=170 meV andd=16 A. The Cy=0.36 fF.
height of the barrier is lower than for Ab=1.6-2.4 eV but The gate modulation characteristic of the transistor is
higher than for lead-alloy junctions with a £ barrier  shown in Fig. 3. A biased current was chosen for the most
(¢=20 me\W).° For a single-electron transistor with barrier stable operating point with nearly maximum amplitude of
suppression, the new type of peculiarities on the curve  modulation. The device parameters can be deduced from the
was predicted theoreticall/We checked -V curves of the period and slopes of the modulation cur¥esing a formula:
transistor using a derivative techniques but did not find anyC, ,=e/(dV/dV,), ,/AV,, whereAV, is the period of the
trace of this effect. The most probable reason is still relagate modulation and symbofs and n denote positive and
tively high value of potential barrig€dl70 mV) in comparison  negative slopes of the modulation dependence. The estima-
with the scale of charging effects=0.5 mV). tion results inC,=0.33 fF,C,=0.45 fF,Cy=16 aF with a
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FIG. 3. Output voltage as a function of the gate voltage at a fixed bias
current near the Coulomb blockade region.

total capacitance o€ =0.78 fF. The total capacitance is
twice as large a€s estimated from the offset voltage. Such

a discrepancy is typical for transistor experimefitShe rea-

son for the higher offset voltage could be double tunneling
through the barrier of each junctiddSuch double tunneling
inside the junctions results in an additional offset voltage but
does not increase an amplitude of the gate modulation. The
effect is more noticeable for junctions with higher resistance.
Dependence of the offset voltage on junction resistance can

Qy, e/(Hz)"?

be seen for large statistics of the junctions in Ref. 16. 10! 10?
The noise measurements of the transistor were made us- Frequency, Hz

ing a spectrum analyzer over a wide frequency range fronl}IG. 4. Charge sensitivity of the SET transistor as a function of frequency
0.2 Hz up to 1 kHz(Fig. 4. The input charge noise was for low (a) and high(b) frequency regions.

defined using a formul®y=C,V\(dV,/dV) whereVy is

voltage noise measured at the output of transistor. Below 100 The authors would like to thank A. Korotkov. A. Zorin
Hz, the noise referred to the input charge showedfd”/ | \wolf, and P. Wahigren for useful discussions. The

spectrum Stlgat is typical for the two-level charge trapsamples were fabricated at the Nanotechnology Center of the
fluctuations.” The peak at 2.3 Hz was due to mechanicalppysikalisch-Technische Bundesanstalt. The work has been
vibrations of the sample holder in a top loading cryostatgypported by the German BMFT under Contract No.
Two peaks at 50 and 100 Hz were due to the line influence;3N6260 and EC Contract No. ESPRIT9005.
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