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Abstract

By measuring the ac impedance, we measure for the first time the crossover from diffusive (xs < 1) to ballistic

(xs > 1) transport as a function of frequency (dc to 5 GHz) in a dc contacted 2d electron gas in the low electric field

limit, where s is the momentum scattering time. The geometry is an ‘‘ungated HEMT’’, meaning current flows through

an ohmic contact into a 2d electron gas, laterally through the 2d electron gas, and out into a second ohmic contact; the

2d electron gas itself is not gated. At the measurement temperature (4.2 K), the low field mobility is 3.2 · 106 cm2/V s.

We also measure for the first time the frequency dependent contact impedance in this ballistic limit.

� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Current generation Si MOSFETs are well described

using semiclassical diffusive transport models because

the gate length is generally much larger than the mean-

free-path of the electrons. In very high-mobility two-

dimensional electron gas (2DEG) systems at cryogenic

temperatures, ballistic transport is commonly observed

at low electric fields. However, at the technologically

relevant high-electric field strengths prevalent in HEMT

devices, diffusive transport prevails because the high-

field mean-free-path is usually shorter than the gate

length. Shur has presented evidence that the transit time

in deep-submicron HEMTs is shorter than the scattering

time [1], so that ballistic effects may be relevant there

already.
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Gate lengths under 10 nm are called by International

Technology Roadmap for Semiconductors [2]. It is

generally expected that ballistic transport effects will

prevail at that length scale, and this issue has been ad-

dressed in simulations by several theory groups [3–10].

The experimental realization of ballistic Si MOSFET

transistors was recently reported by Bell Labs [11].

Additionally, new devices not limited by transit time

effects are also possible in this regime of operation [12].

Thus, ballistic transport in gated transistors is a timely,

technologically relevant topic.

Ballistic transport means that electrons move in re-

sponse to an electric field without scattering. This can be

achieved in two limits: first, the device size can be made

smaller than the mean-free-path. Second, the frequency

of the electric field can be larger than the scattering

frequency, i.e. xs > 1. It is the second case which we

focus on, in this work. By measuring the frequency

dependence of the dynamical impedance of a two-

dimensional electron gas, we measure for the first time

the crossover from ballistic to diffusive transport in a dc
ed.
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contacted 2DEG as a function of frequency. Particular

attention is paid to the issue of the contact resistance in

the limit xs > 1.
Fig. 1. Sample geometry and low field ac equivalent circuit.
2. Theory and background

At low electric fields for conductors much larger than

the mean-free-path, the dc current density jdc is directly
proportional to the dc electric field Edc, while at high-dc

electric fields, the current saturates. This can be written

as

jdc ¼ rEdc low Edc

jdc ¼ jsat high Edc

ð1Þ

At high-frequencies and low electric fields, the ac current

density jac is proportional to the ac electric field Eac, i.e.

jac ¼ rðxÞEac low Eac: ð2Þ

High-field ac transport is generally more complicated

to treat because the scattering time is energy dependent.

In this paper, we focus on measurements of rðxÞ in the

low electric field region, at frequencies below and above

the scattering frequency.

According to the Drude model, the frequency

dependent conductivity is given by

rðxÞ ¼ ne2s
m�

1

1þ ixs
ð3Þ

where s is the momentum scattering time. The predicted

dynamical impedance for a 2DEG then contains both a

real and imaginary part, and can be written as

Z2DEGðxÞ ¼ R2DEG þ ixLK ð4Þ

where LK ¼ m�=ðne2Þ per square is called the kinetic

inductance, and R2DEG ¼ m�=ðne2sÞ per square. In a re-

cent paper [13] some of us measured this using capaci-

tively contacted samples. In this work, we present the

first ever measurements where the dc and microwave

frequency impedance are measured simultaneously on

the same sample. This allows us to directly compare the

dc impedance and ac impedance. The effects of the oh-

mic contact impedance are also measured simulta-

neously for the first time.
3. Fabrication and geometry

In order to achieve the ballistic limit xs > 1 at GHz

frequencies, we perform our experiments on high-

mobility modulation doped GaAs/AlGaAs quantum

wells grown by molecular beam epitaxy. The experi-

ments are performed at 4 K. The samples used have a

density of 1.1 · 1011 cm�2 and mobility of 3.2· 106 cm2/

V s at 4 K according to four-terminal measurements
done on samples from the wafer. For the measurements

presented here, samples for two-terminal resistance

measurements with ohmic contacts are used. The geo-

metry of the sample (typically 500 lm· 500 lm) is de-

fined either by direct cleaving or mesa etching. For the

ohmic contact, we use evaporated Ni/Ge/Au/Ni/Au (80/

270/540/140/2000 �A) metallization followed by a rapid

annealing at 440 �C. The sample geometry is indicated

schematically in Fig. 1 above.
4. Measurement technique

In order to characterize the two-terminal impedance

of the 2DEG, we measure both the DC (13 Hz) and AC

(1 MHz to 5 GHz) properties on the same sample. The

DC resistance is measured using a lock-in amplifier. The

AC impedance is measured by measuring the microwave

reflection coefficient S11, and inverting the standard

reflection formula S11 ¼ ðZload � 50 XÞ=ðZload þ 50 XÞ.
In our measurement geometry, the sample is mounted at

the end of a microstrip line. A key point is that this

measurement includes the ohmic contact impedance,

which varies between <1 X and >100 X. We have care-

fully quantified the effect of the contact impedance on

the microwave impedance.
5. Calibration technique and biasing

We have developed an improved calibration tech-

nique over our previous publication [13]. We measure

the reflection coefficient off of a known standard (open,

short, load) at 4 K. Using this data we perform a vector

calibration of S11 to the end of the coaxial cable. We

then measure the reflection off of the end of a microstrip

sample mount with no sample. We find the microstrip

has negligible loss up to 5 GHz, and determine the effect

phase delay of the microstrip sample mount using this
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method. Then, we measure the sample S11 by soldering it

to the end of the microstrip. Using this technique we can

determine the real and imaginary parts of the impedance

as a function of frequency. We used two different net-

work analyzers, an Agilent 8270 ES to cover the fre-

quency range of 50 MHz to 5 GHz, and an Agilent

4395A to cover the frequency range of 1 MHz to 500

MHz. This allowed careful comparison of the dc resis-

tance with the RF and microwave impedance. For the ac

impedance measurements, the dc bias was zero. The

incident rf amplitude was )40 dBm, which corresponds

to an ac voltage of �5 mV. These power levels were

sufficient to keep the ac impedance measurements in the

linear response, low field limit.
0
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Imaginary Z = iωL

Fig. 2. Crossover from ballistic to diffusive transport vs. fre-

quency when Rcontact is negligible.
6. Results and discussion

The contact resistance to 2DEG samples in the bal-

listic limit (xs > 1) has never been studied before. In

principle the contact resistance may be frequency

dependent and consist of both real and imaginary parts

(either capacitive or inductive). A key result of this

paper is that we have measured the 2DEG plus contact

resistance, and quantified the effect of the contact

resistance. What we find is that the contact resistance is

mostly real, and only weakly dependent on frequency.

Specifically we find the following to be true

ZðxÞ ¼ Rcontact þ R2DEG þ ixLK ð5Þ

where Rcontact is the contact resistance. In order to study

whether this equation is true we have measured the two-

terminal resistance of samples in three different limits:

R2DEG � Rcontact, R2DEG � Rcontact, and R2DEG � Rcontact.

We find Eq. (5) to be true for all three cases, as we

discuss below.

The samples studied are summarized in Table 1. In

Table 1, Rdc is the measured dc resistance. RealðZÞac is

the real part of the measured microwave impedance.

R2DEG is the calculated 2DEG impedance based on the

mobility and density measured on separate samples from

the same wafer and the sample geometry; Rcontact is the

measured resistance less the predicted 2DEG resistance.
Table 1

Summary of measured dc and ac impedance values

Sample Rdc ðXÞ RealðZÞac ðXÞ R

1 24 25 2

2 25 25 2

3 62 60 2

4 100 100 1

5 250 240 3

6 22 20 1

7 45 40 3
We first discuss the case where the contact resistance

is negligible, i.e. R2DEG � Rcontact, which applies for

samples 1 and 2. We plot in Fig. 2 the measured real and

imaginary impedance of sample 1. According to the

Drude model (Eq. (2)), if the contact impedance is

negligible, then real part of the impedance is indepen-

dent of frequency, and the imaginary part of the

impedance is inductive, i.e. proportional to frequency.

Our data support this conclusion as shown in Fig. 2. The

real impedance is approximately independent of fre-

quency, and the imaginary impedance rises linearly with

frequency. The dc resistance measured for this sample

(25 X) is equal to the real part of the impedance at GHz

frequencies.

The data in Fig. 2 represent the first ever measure-

ment of the crossover from diffusive to ballistic trans-

port as a function of frequency in a dc contacted 2DEG.

The two frequency regimes are clearly denoted on the

figure. When the contact resistance is negligible, the

condition xs ¼ 1 (and hence the numerical value of s)
2DEG ðXÞ Rcontact ðXÞ s (ps)

5 <1 80

5 <1 80

4 37 80

7 83 80

4 206 –

3 7 80

0 10 80
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can be determined from the measured data in this case

by reading off the frequency at which ReðZÞ ¼ ImðZÞ. In
our experiments this crossover frequency occurs at

about 1.9 GHz, implying a value of about 80 ps for s.
This value of s so determined is reasonably consistent

with the predicted value of 110 ps based on the dc

measurement of the mobility on different samples from

the same wafer and the relationship l ¼ es=m�.

We next discuss the case where R2DEG � Rcontact,

which applies to sample 3. We plot in Fig. 3 the real and

imaginary impedance of sample 3. Our data show a real

impedance that is independent of frequency, and an

inductive imaginary impedance. The dc resistance mea-

sured for this sample (62 X) is equal to the real part of

the impedance at GHz frequencies.

Based on the geometry of this sample we calculate

that R2DEG ¼ 24 X, implying a contact resistance (at dc)

of 37 X. Our microwave data show that this contact

resistance is independent of frequency and purely real,

i.e. the contact impedance does not include any signifi-

cant imaginary component. This conclusion is reflected

in Eq. (5).

In Fig. 3 the crossover frequency at which ReðZÞ ¼
ImðZÞ occurs at about 4 GHz. Since ReðZÞ includes

the contact and 2DEG contribution, the frequency at

which ReðZÞ ¼ ImðZÞ is not the frequency at which

xs ¼ 1. Rather, the condition xs ¼ 1 corresponds to

ReðZ2DEGÞ ¼ ImðZÞ. If we plot ReðZ2DEGÞ ¼ ImðZÞ using
the relationship ReðZ2DEGÞ ¼ ReðZÞ � Rcontact in order to

determine the frequency at which xs ¼ 1, we find that

occurs at 2 GHz. This gives a value for s of 80 ps,
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Fig. 3. Crossover from ballistic to diffusive transport as a

function of frequency when Rcontact is comparable to R2EG.
consistent with the measured mobility and the measured

crossover frequency for samples 1,2.

Finally, we discuss the case where R2DEG � Rcontact,

which applies to samples 4 and 5. For both of these

samples, the calculated 2DEG resistance based on the

mobility and density measured on separate samples from

the same wafer and the sample geometry is much less

than the measured dc resistance. Thus, the contact

resistance at dc is much larger than the 2DEG resis-

tance. We find experimentally that, up to 5 GHz, the real

part of the measured impedance is equal to the dc

impedance. Thus the contact resistance is only weakly

dependent on frequency, if at all. Additionally, the

imaginary impedance for these two samples is inductive,

consistent with the expected 2DEG impedance.

All of the data presented so far have been in the dark.

We have also carried out the same measurements on the

samples after illumination with a red LED. Generally we

find that the resistance goes down, the inductance goes

down, and the mobility (determined from the frequency

at which ReðZ2DEGÞ ¼ ImðZÞ) goes up. This is consistent
with well-known tendencies of these high-mobility sam-

ples to have higher mobility and density after illumina-

tion. In addition, we find that the contact impedance is

real and frequency independent after illumination with

an LED, as it is before illumination.

While we have focused on low electric field transport

so far, we plot in Fig. 4 the current–voltage curves for

the 7 devices measured to higher electric fields. The

sample lengths were �1 mm in length. The saturation

velocity is clearly visible at voltages �1 V. Therefore, the

ac voltage of �5 mV used in our ac impedance mea-
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Fig. 4. Current–voltage curves for the samples measure. Each

sample has a different contact resistance and number of squares,

hence different I–V curve. The sample numbering scheme fol-

lows Table 1.
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surements is clearly in the linear response, low field re-

gime.
7. Conclusions

In conclusion, we have measured for the first time the

crossover from diffusive (xs < 1) to ballistic (xs > 1)

transport in a dc contacted 2DEG. In cases where the

contact impedance is significant compared to the 2DEG

impedance, we find that even in the ballistic limit for the

2DEG, the contact impedance is still real, independent

of frequency, and equal to the dc measured value. This is

the first experimental result on the contact impedance

for samples in the ballistic limit. While this result is not

surprising, it cannot be predicted from first principles

because the physics of electrical contacts in this limit is

not well understood. Thus the value must be determined

experimentally, as we have done.

This work lays the foundation for future work on

ballistic devices on both the spatial and frequency do-

main, i.e. devices shorter than the mean-free-path which

operate at frequencies higher than the scattering fre-

quency. This is an unexplored but technologically

increasingly important regime of device operation.
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