PHYSICAL REVIEW B, VOLUME 64, 155311

Temperature dependence of Fano line shapes in a weakly coupled single-electron transistor
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We report the temperature dependence of the zero-bias conductance of a single-electron transistor in the
regime of weak coupling between the quantum dot and the leads. The Fano line shape, convoluted with thermal
broadening, provides a good fit to the observed asymmetric Coulomb charging peaks. However, the width of
the peaks increases more rapidly than expected from the thermal broadening of the Fermi distribution in a
temperature range for which Fano interference is unaffected. The intrinsic width of the resonance extracted
from the fits increases approximately quadratically with temperature. Above about 600 mK the asymmetry of
the peaks decreases, suggesting that phase coherence necessary for Fano interference is reduced.
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A single-electron transistdSET) consists of a small, iso- 91000 cm/Vs and a density of 7810 cm ?; these
lated conductor, coupled to metallic leads by tunnel juncquantities have been measured shortly after fabrication and
tions. The confinement quantizes the charge and energy @hay change somewhat with time. We create the confining
the isolated region, making it closely analogous to anpotential with electrodes shown in the inset of Fig. 1, in
atom®? For such structures the conductance, resulting frontombination with a shallow etch beneath the gates. Applying
transmission of electrons from one lead to the other, consist® negative voltage to two pairs of split electrodes depletes
of peaks as a function of gate voltage, one for each electrothe 2DEG underneath them and forms two tunnel barriers
added to the artificial atom. The peaks occur when twoseparating a droplet of electrons from the 2DEG regions on
charge states of the artificial atom are degenerate in energgjther side, which act as the source and drain leads. The
at which point resonant tunneling can occur at zero temperasonfinement caused by the electrodes is supplemented by
ture. Between the peaks the conductance at low temperatusiallow etching before the gate electrodes are deposited. Our
is expected to be limited by virtual excitations of electronsSETs are made with a 2DEG that is closer to the surface
on and off the artificial atom, a nonresonant process calle§~20 nm) than in most other experiments, allowing the
co-tunneling’ electron droplet to be confined to smaller dimensions. This

Gores et al* have recently reported Fano line shapes inalso makes the tunnel barriers more abrupt than in previous
the conductance peaks for a small SET. This implies thastructures. We estimate that our droplet is about 100 nm in
there are two paths through the SET at each energy, oriameter and contains about 50 electrons.
resonant and the other nonresonant, that interfere with each The electrochemical potential of the electrons on the
other. Geeset al. have examined the Fano interference fordroplet can be shifted relative to the Fermi energies in the
the case when the coupling to the leads is strong, and tHeads using an additional plunger-gate electrode near the
nonresonant contribution to the conductance is then compakoplet. Throughout this paper we discuss measurements in
rable in size to the resonant component. We here report thehich the split-electrode voltages are fixed, and we refer to
observation of Fano line shapes when the coupling is weathe voltage on the “plunger” as the gate voltayg. We
and the non-resonant conductance is small. We find that themeasure the conductance by applying a small alternating
Fano functional form, broadened by the Fermi-Dirac distri-voltage(typically 7 wV) between the drain and source leads
bution function, provides a good fit to the line shape betweerand measuring the current with a current preamplifier and a
100 and 800 mK. With increasing temperatidrthe intrinsic  lock-in amplifier. With such excitation voltages, less than
width of the resonance increases, approximately quadratkT/e, we are confident that we are measuring the zero-bias
cally with T. This increase is reminiscent of that expectedconductance of the SET. The conductance is then recorded as
from inelastic scattering, but it is more rapid and occurs at function ofV.
temperatures for which Fano interference is apparently unaf- Depending on the transmission of the tunnel barriers, we
fected. Above~600 mK the asymmetry of the peaks de- observe different transport regimes in our SETs. As is often
creases more rapidly than predicted from thermal broadeningbserved in semiconductor SETs, each time we cool a par-
alone, suggesting that phase coherence is destroyed with itieular SET to low temperatures, we find different tunneling
creasingT. rates of the barriers and a different electrochemical potential

The SETs we have studied are similar to the ones used hyf the electron droplet, for the same electrode voltages. This
Goldhaber-Gordoret al. to study the Kondo effect® The  probably reflects the metastability, at low temperature, of
SET is created by imposing an external potential on a twoelectrons in the donor layer within the AlAs. Thus, the same
dimensional electron gd@DEGQG) at the interface of a GaAs/ SET that shows strong coupling in one cool down may show
AlAs heterostructure. Our 2DEG has a mobility of weak coupling in another. Also possibly related to this meta-
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0.15 T the conductance is related to the transmission coefficient
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where the dimensionless detuning from resonance=i$e
—€)/(I'12). T is the width of the resonance af, is the
transmission far away from the resonance. The paranceter
is proportional to the ratio of transmission amplitudes for the
resonant and nonresonant chanrete sign ofg depends on
the phase shift between the two channels. [pr0 non-
resonant transmission dominates, resulting in a symmetric
dip at the resonant position. Fgr=1 the peak is highly
asymmetric. If there is no nonresonant transmissia,
—o and ®,—0 in such a way that,|q|?> approaches a
constant leading to a Breit-Wigner line shape.
One can relateq| to the parameters characterizing the
. . ‘ . quantum dot by considering the Breit-Wigner limit Bt 0.
0.08 0.06 0.04 0.02 0.00 One demands that the relationship®§qg® to 'y and T, ,
the energies resulting from tunneling of electrons from the
v, ) artificial atom to the right and left leads, respectively, be in
agreement with the usual result for peak heights in SETs with
no continuous transmission channel. Whefi<I'<Ae,
whereI'=T'r+I"| andAce is the level spacing, this gives

FIG. 1. Conductance as a function of gate voltémeon a linear
conductance scale arid) on a logarithmic scale. The solid curves
are 4 param fits as described in the text using Etjsand(2) and
T=80 mK. The parameters found from the fits for the three peaks, 1
from right to left, respectively, arg=—9.33, —5.87, and—2.41; lg|= =—=-2 \/m_ (3)
'=0.225 meV, 0.375 meV, and 0.372 meVG,=1.65 I+l

—3 2 —3 2 —3 2
X107 €%/h, 1.27x10°" €°/h, and 1.8k 107" e/h. The Breit-Wigner peak then has maximum conductance, in

stability are events in which the effective voltage of a par-units of €°/h, of @,q°~4I'gl' /(I'r+T)? the value ex-
ticular electrode suddenly changes to a different value. Wected for single-level transport through an SETonven-
suspect that this switching behavior results from charge motional single-electron charging peaks are characterized by
tion around an impurity or defect near the artificial atom. Thethree parameters—the peak position and the couplings to the
switching can change the SET's characteristics and cafvo leads. A fourth parameter is required to include the am-
therefore limit the degree to which we can study them befordlitude of the nonresonant channel.
they change. Changes in gate voltage are proportional to changes in
Figure 1 shows the conductance as a functiovgfor a  chemical potentiak; specifically, u = aeVy, apart from an
situation in which the coupling to the leads is weak, asadditive constant. The parametemay be determined from
evinced by the the small height of the single-electron peaks2 measurement of the various capacitances between the arti-
The peak widths are also relatively small, as discussed bdicial atom and its nearby leads and gates=Cgy/Cy,
low. It is evident from the plot on a linear scale in Figall ~whereCgy is the capacitance between the quantum dot and
that the peaks are asymmetric, but this is seen even motbe plunger gate, anG,,, is the total capacitance. From pre-
clearly in the logarithmic plot of Fig.(b). We have observed Vvious measurements @,/C, on our SETs in the well-
such asymmetric line shapes in different coupling regimessolated regime, we find thai=0.15. However, for some of
for about 25 peaks in five SETSs. our fits we have measuredandI” in units of gate voltage,
The Fano formulagives asymmetric resonances similar leaving o undetermined.
to those in Fig. 1; it describes the transmission resulting from Using Eqgs.(1) and(2) we have fit the data in three ways
interference of a resonant channel at enesgyvith a non-  in order to demonstrate that the temperature dependences of
resonant channel. While @s etal* used the zero- the important parameters do not depend on the fitting proce-
temperature Fano cross section to model their results, wdure. First, we seT=0 in Eq. (1), so that the Fano form is
here include thermal effects. For source-drain voltagé§  used at allT, and takeg, I', Go=04e%/h, ande, as param-
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eters. We call this procedure, followed by 1@s et al,, " T " ' "
“Fano.” It obviously leads to a temperature dependént
because it includes no broadening of the electron distribu-
tion. Second, we also allokT/«e to vary, giving us five =
parameters instead of four, and we refer to this as “5 param.”s;
We do this to check that our value afis consistent with the =
observations. Third, we fixx=0.15, the value found by
Goldhaber-Gordoet al.in the well-isolated regime, and, us-

ing the measured value df, we allowq, I', Gy, and ¢, to

vary; we call this “4 param.” For all three approaches we
have fit the logarithm of the conductance, rather than the
conductance itself, to give appropriate weight to the asym-
metric tails. We fit over the range for which the conductanceNE
is at least twice as large as the lowest conductance measure £
in order to minimize the effect of neighboring peaks. The ©
agreement of the parameters determined by the three fit
gives us confidence in the main conclusions we draw.

We show the 4 param fit for the three peaks in Fig. 1. We
have fit the three separately, because we know of no way tc
fit multiple Fano resonances whose tails overlap.reSo
et al* have found an incoherent contribution to the nonreso- =
nant conductance, comparable to the coherent part at all terr~g
peratures. We have tried adding such an incoherent compc =
nent, and find that it has about half the magnitude of the
coherent part, but is negative. Because of this unphysica
result and because including the incoherent component doe
not improve the fits appreciably, we have set it to zero for all
fits shown here. g

Note that one of the values ¢f| in Fig. 1 is as large as FG. 2. Data for one conductance peak taken in 100 mK steps
~10, giving a ratio of peak-to-background conductances opetween 100 mKlowesh and 800 mK(highes}. The same data are
~100, whereas Geset al. found |q| of order one, consis- fit in each of the three panels in different ways as discussed in the
tent with their observation that the coherent nonresonantext. The data are multiplied by a factgLO from one set of data to
component is of the same size as the resonant one. the next.

The sign ofq reflects the average phase shift between the
continuous transmission channel and the resonant channel. This figure shows the measured half widt#\w) and the
This will certainly be random from one sample to anotherconductance maximu@,,. The HW increases from about
and even from one peak to another in the same sample. AR.5 mV at 100 mK to nearly 2.5 mV at 800 mK. The peak
thoughq is negative for the peaks in Fig. 1, we have foundheight decreases by about a factor 2 between 100 and 600
other peaks for whichy is positive. Indeed, Goldhaber- MK, and then more slowly at high&: Equation(1) predicts
Gordonet al. have reported data, also in the weakly coupledthat the HW increases linearly witfi, with a finite zero-
regime like those discussed here, that have the oppositémperature intercept, related b The increase of width
asymmetry from those shown here. predicted for the latter case is shown by the dashed line in

Figure 2 shows the evolution of a single conductancd-ig. 4, HW=3.5T/2ae. Equation(1) also predicts that, af
peak with temperature together with the results of the thre&igh enough that the HW is much larger thanTits O value,
fits on logarithmic scales. The resonance positigrvaries ~ the peak height decreases Bs'. Thus, the measured HW
randomly by a small amount from one temperature to anincreases more rapidly than expected, and the peak height
other, presumably because of the switching phenomena dislecreases more slowly.
cussed above; for all fits we have shifted the curves so that Turning to the fitting parameters, we first notice tfgtis
their resonance energies coincide with that for the 100 mkapproximately constant up to 600 mK and then increases
data. rapidly. The increase dfg| reflects an increasing symmetry

It is clear that all three fits are excellent except near theof the line shape, even though the HW is still larger than
conductance minimum, on the right side of the peak. As seeB.5T/2ae. Furthermore,G, becomes very small at these
in Fig. 3, a linear plot of data selected from Fig. 2, the fitshigh temperatures, whil&,,,~=G,q> approaches a con-
overestimate the peak height slightly at IdwThis discrep- stant. Thus, the line shape approaches a Lorentzian at the
ancy may be minimized by fitting to the conductance insteadhighest temperatures, suggesting a loss of the phase coher-
of its logarithm, but then the fit in the tails is poor. Overall, ence required for Fano interference.
the 5 param fit is slightly better than the other two, but the Second, we observe thaét increases withT even in a
values of the parameters are essentially the same, as seentémperature range for whidly| is constant. Such a broaden-
Fig. 4. ing of the intrinsic width of Coulomb charging peaks has
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FIG. 3. Examples of the data and fits from Fig. 2 on linear

conductance scales. Each panel contains results for 100 mK and F!G. 4. Parameters extracted from the fits in Fig. 2. The open
800 mK. circles are the measured half widtHW) in (a) and peak height in

(d). The solid circles, triangles, and squares are the parameters from
the fits using Fano, 4 param, and 5 param, respectively. The dia-

monds are the temperature broadeningkB/3«e, extracted from

the 5 param fit, and the dashed line is the same broadening expected
for «=0.15. Note that the values &, |q|, andG, are independent

of the fitting method used.

been predicted to arise from inelastic scattefiigin apply-
ing this to a SET, BeenakKehas proposed that the Breit-
Wigner form be written

_— e’ I'rl', r
BWEON Tt Ty 24 (122"

(4)

Fermi liquid. Consistent with this, Huibee al'? find phase
coherence times for open quantum dots that correspond to
wherel” now contains both elastic and inelastic componentsproadening that is less thakT for the temperature range
Thus, an increase df with temperature is not unexpected. studied. Our observation df values that are considerably
However, we find it surprising that the lifetime of electrons |arger tharkT is thus very surprising.
in the quantum dot decreases considerably with increasing For the peak studied in Fig. 2, the contribution to the
temperature, at temperatures for which there is still phasgroadening at~600 mK from the Fermi-Dirac distribution
coherence between the continuous and resonant tunneling about the same size as that from the increade. ifihus,
channels. examination of the measured HW of the peak in Fip) 4
We find thatl’ increases approximately quadratically with shows that it is difficult, without the fitting procedure used
T, the fit shown in Fig. 4g) yields I'=[(0.15-0.01) here, to distinguish the temperature dependence below 600
+(0.59£0.01)T?] meV, with T in kelvins. According to Si-  mK from the usual Fermi-Dirac broadening. Our group has
van et al,** since our mean-free patiof order one micron  reported that the broadening of Fano peaks in the strongly
is much larger than the dimensions of our quantum dot, andoupled regime is approximately that predicted by Fermi
the energy scale of our measuremekT) is much smaller Dirac up to~1 K, but s larger than expected at highiern
than A€, our system is in the clean limit for which=T'y  light of the present measurements, we suggest that the HW
+(7°18)(KT)?/EgJmkeag, where Ty is the zero- reported by Greset al. may also be influenced by a strongly
temperature valuéke is the Fermi wave vector in the 2DEG, temperature dependeht
and ag is the effective Bohr radius. This predicts that the We have shown here the temperature evolution of one of
increase ofl” with T should be quadratic, but the increase our largest peaks. We have also studied a smaller one. Like
should be much less in magnitude thiaf, as usual for a the smaller peaks in Fig. 1, the smaller peak has a larger
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width and a smaller value dfj|. For the smaller peagis et al** and Madhavaret al'® The latter authors ascribe the

more sensitive td at low T. Presumably, whefq| is closer ~ fésonant component to the Kondo singlet formed when a
to unity, it is more sensitive to a decrease in phase coherenci@calized spin is screened by the spins of electrons in nearby
We find that the width of this peak is less temperature de_metalllc leads. From the detailed gate voltage and tempera-

. ure dependencies of the Kondo effect reported by
pendent th_an that of t_he larger peak. _Th|s may be a ConséGoIdhaber-Gordoret al.’ we know that the Kondo effect
guence of its width being larger even in the limiit-0.

. . results in adecreasén peak width with increasing tempera-
Goreset al* have measured the source-drain voltage de b g b

ture, the opposite of what we observe. Furthermore,
pendence as well as the gate voltage dependence of the pegks|ghaber-Gordoret al. observe a clear alternation in peak

in differential conductance. The results show the diamoncbehavior, depending on whether the peak corresponds to a
structure characteristic of single-electron charging. Thus, thgnange from even to odd or from odd to even occupancy of
nature Of the resonant Contribution to the Conductance |g']e e|ectron drop'et_ From F|g 1’ |t is ObViOUS that no SUCh

clearly the same as in other SETs. However, the origin of theffects are seen in the present experiments. We believe that
continuous channel is more difficult to identify. Becausethe tunnel barriers for the situation studied here are large so
Goreset al. observe a continuous contribution that is of or- that the Kondo temperature is much smaller than our base
der e%/h, they have suggested that the continuous channebmperature for all gate voltages. Thus the resonances we

results from transmission at energies higher than the poterbserve are probably the bare ones associated with the en-
tial barriers. However, for the regime examined here, inergy levels of the artificial atom.

which the background conductance~40™ 2 e?/h, that does In summary, we have found that the Coulomb charging
not seem reasonable. peaks in small SETs are asymmetric and are well described
Another possibility raised by Geset al. is that the co- by the Fano line shape even when the coupling to the leads is
herent nonresonant component arises from co-tunneling. Caveak. It is not surprising that increasing the temperature de-
tunneling results in a continuous contribution to the conducstroys the phase coherence required for the Fano interfer-
tance in the valley between peaks that is stongly dependerice. However, its surprising that the intrinsic width of the
on gate voltagé® Thus, it is surprising thaG, is indepen-  resonances increases more rapidly than the thermal broaden-
dent of gate voltage. Furthermore, since the co-tunneling ratiag of the electron distribution function in a temperature
depends o’ andI'g, which vary from peak to peak, one range for which phase coherence between the resonant and
would expect a contribution to the continuous componenhonresonant channels is preserved. We plan extensive mea-
near a given peak to vary with the heights of neighboringsurements, varying temperature and magnetic field as well as
peaks. Unlike the situation studied by @set al, our peaks drain-source voltage in the weakly coupled regime, to shed
vary in magnitude by a factor-10. Therefore, one would light on the nature of the continuous transmission that gives
have expected a large variation in the continuous contriburise to the Fano interference and on the origin of the thermal
tion from one peak to the next. However, returning to Fig. 1broadening of the resonances.
we note that the continuous contribution to the conductance

for all three peaks is the same within the errofS, One of us(G.G) acknowledges support from the National
=(0.0016+0.0003p*h. We conclude that co-tunneling is Sciences and Engineering Research Council of Canada. This
not a likely source of the continuous background. work was supported by the U.S. Army Research Office under
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