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Quantum and classical mobility deteritiination of the dominant scattering mechanism
in the two-dimensional electron gas of an A1GaAs/GaAs heterojunction
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Recent theoretical and experimental interest has focused on the issue of the dominant scattering
mechanism which limits the mobility of the two-dimensional electron gas formed at the molecular-
beam-epitaxy (MBE) interface of an A1GaAs/GaAs heterojunction. Measurements have been made
at 1.3 K with MBE-grown A1GaAs/GaAs heterojunctions, indicating a difference of nearly an order
of magnitude between transport scattering times, expressed as a mobility, measured via either the
Hall mobility (classical scattering time) or from the de Haas —Shubnikov oscillation envelope (quan-
turn scattering time). This result is contrasted with measurements from the quahtatively different Si
metal-oxide-semiconductor field-effect transistor (MOSFET) interface where, over the same charge-
density region, the two mobilities are nearly equal and limited by interface roughness scattering.
The ratio of the quantum-to-classical scattering time from competing scattering mechanisms is cal-
culated. The observed low ratio in the heterostructures is in excellent agreement with the calculated
screened-Coulomb scattering from residual charge centers in the A1GaAs, while the lack of this ef-
fect in the MOSFET s is in excellent agreement with the surface roughness calculation. The mea-

sured scattering-time ratio is thus a new method of directly selecting the dominant scattering mech-

anism among competing effects. Stray effects which could interfere with the quantum measure-
ments are discussed.

I. INTRODUCTION

Molecular-beam-epitaxy (MBE), modulation-doped
heterojunctions with very high ( ) 10 cm /V s) mobilities
have led to both fundamentally (quantum Hall effect) and
technologically (high-speed circuits) significant dis-
coveries. There is a need to understand the scattering in
the two-dimensional electron gas (TEG) which forms at
the AlGaAs/GaAs heterojunction interface. Field-effect
transistor devices made from MBE heterojunction layers
have several popular acronyms; we will use TEGFET for
two-dimensional electron-gas field-effect transistor. The
devices studied were gated so that the TEG density N
could be varied from its maximum value at zero gate bias
down to N=O (pinch-off). A preliminary report was
presented earlier. '

Figure 1 shows the conduction band and device layout
for a TEGFET. Measured mobilities of TEGFET's can
be in excess of 2&(10 cin2/Vs at 5 K due to the spatial
separation of the ionized Si donors by an undoped buffer
layer and the lattice matching of the A1GaAs/GaAs inter-
face. Because the heterojunction interface can be nearly
perfect, the dominant low-temperature scattering mecha-
nism in the TEG layer is of current theoretical ' and
practical interest.

This paper presents measurements of the transport
scattering time and a technique of analyzing the results
which indicates that the dominant scattering contribution
is from ionized impurities in the A1GaAs layer. Scatter-
ing contributions from ionized impurities, interface

roughness, and alloy disorder are considered. Measure-
ments made on the same TEGFET sample are presented
from both classical bulk transport characterization, and
Shubnikov —de Haas (SdH), measurements which isolates
the TEG. The test pattern includes, within a 0.6-mm re-
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FIG. 1. (A) The conduction-band diagram for a MBE
A16aAs/GaAs modulation-doped heterojunction. (B) The
heterojunction TEGFET consists of a Schottky gate and Au-Ge
alloy Ohmic source and drain contacts connected to the TEG.
Upon applying a negative gate bias, the gate Schottky depletion
width increases, first depleting the A1GaAs charge, and then de-
creasing the TEG density.
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gion of MBE material, six short-gate TEGFET's [for
geometric magnetoresistance (GMR) and SdH with vary-
ing length-width ratios] and a gated van der Pauw pattern
for Hall measurements. The 1-p,m GaAs MBE layer was
grown on a semi-insulating GaAs substrate with a 80-A
undoped A1GaAs buffer and a top Alo iiGao 79As layer of
1200 A (doped with Si to 6&(10' cm ) with a recessed
gate. Results from two MBE heterojunction wafers are
presented in this paper. The Hall mobility of the "high-
mobility" wafer was 117000 cm /Vs at 1.3 K. The
second "low-mobility" wafer had a 1.3-K Hall mobility of
40000 cm /Vs.

Extensive study, both experimental and theoretical, '

has been done on scattering mechanisms in the TEG that
forms at the SiOz/Si interface of metal-oxide-
semiconductor field-effect transistors (MOSFET's). In
contrast to the AlGaAs/GaAs heterojunction, the SiOz/Si
interface is rough on an atomic scale and this roughness
limits the TEG mobility except at very low electron densi-
ties, where Coulomb scattering is dominant. Earlier stud-
ies have indicated that in Si the scattering times mea-
sured by classical techniques, geometric magnetoresistance
(GMR), and quantum methods, SdH, are equal. Since
surface-roughness scattering is one of the possible scatter-
ing mechanisms in both heterojunctions and MOSFET's,
we also made measurements in Si/SiOz to provide an in-
dependent check on the accuracy of models which predict
the relative ratio of the SdH and classical scattering times.

II. SCATTERING' LIFETIMES

A. Classical lifetime measurements

When the simplified Boltzmann equation is solved in
the relaxation-time approximation, the mean time between
collisions is weighted by a factor of 1 —cos8 as in the
equation

1/~= I dk'Wk k (1—cos8),

where Wk k is the probability of scattering from state k
to k' and 8 is the scattering angle.

The relaxation-time approximation favors large-angle
scattering over small-angle scattering due to the weighting
factor of (1—cos8) in Eq. (1). Thus, if the relaxation-
time approximation is assumed in systems where small-
angle scattering dominates, the transport scattering time
represents only a fraction of the actual number of col-
lisions.

To allow a discussion of the various transport measure-
ments in this paper, we will designate as the classical
scattering time v, a scattering time derived from transport
expressions assuming the relaxation-time approximation.
The Drude mobility is related directly to the scattering
time by

where m ' is the reduced mass. For measures of collision
rates, the mobility and scattering time, as related by Eq.
(2), will be used interchangeably.

Various methods (e.g., geometric magnetoresistance and
magnetotransconductance) exist to obtain the classical

scattering time ~, from transport in a magnetic field.
Complications exist when applying these techniques to
TEGFET's because the current can flow in either the
TEG or the parallel A1GaAs layer. In addition, stray ef-
fects such as parasitic resistance from ungated portions of
the device channel and contact resistance can alter the ap-
parent scattering time, making it difficult to single out the
TEG layer. In a separate paper we will discuss the mag-
netoresistance and magnetotransconductance methods of
obtaining the TEG scattering time. Here, we concentrate
on measurements of the classical scattering time from the
Hall technique, with a four-point geometry and a gated
van der Pauw pattern used to obtain the classical scatter-
ing time from the measured mobility via Eq. (2). The
method is relatively insensitive to parasitic resistances
since it is a four-point voltage measurement. Distortion
of the TEG mobility stemming from lower-mobility elec-
trons in the parallel A1GaAs layer are small even at zero
gate voltage where the charge density in the AlGaAs is
largest. The peak Hall mobility occurs at a value of gate
bias where the AlGaAs is depleted so it measures the
TEG only, and is suitable for determination of ~, .

The magnetoconductivity in the Ando theory is,
neglecting higher harmonics, to first order,

a~(B =0) 2mEf
2 +crosccos +4'

I+(co,~q)
(3)

The conductance is the sum of the classical Drude con-
ductivity plus an oscillatory term. The amplitude of the
oscillatory conductivity cr, is,

cJ (B=0) —7T/S 1
cr = K(B,T)A (B,vq)e

1+(co,rq)
(4)

The oscillatory term is the product of a term K(B,T)
which describes the temperature broadening of the Fermi
level,

2' ATK (B,T)= csch(2n k~ T/i5co, ),
C

the usual exponential scattering factor, exp( —m/co, vq), in
Eq. (4), and a pre-exponential term,

2m.(a),~q )
A (B,q.q) =

1+(co,vq )

The scattering-time parameter rq is the measure of the
broadening of the Landau levels from coBisions. Because
of the phase sensitivity of the wave function, the SdH sig-

B. Quantum lifetime nieasurements

The SdH oscillatory conductivity reflects the shape of
the collision-broadened Landau levels. The envelope of
the oscillations is determined by the Landau-level
linewidth and can be fitted to an expression' of the oscil-
latory magnetoconductivity. The collision broad'ening of
the Landau levels is related to the collision scattering time
by

I r=fi/2 .
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nal is affected by even small perturbations and contributes
to the several orders of magnitude difference between rz
and ~, in metals. " The scattering-time parameter in the
SdH expression effectively measures the entire collision
cross section; small- and large-angle scattering events are
counted equally in dephasing the cyclotron orbits. Be-
cause the SdH scattering-time parameter is fundamentally
different from that derived from classical transport mea-
surements (e.g., Hall effect), the SdH scattering tiine will
be referred to as the "quantum scattering time" ~~.

There is a limit to the above argument; an arbitrarily
small deviation of the electron momentum will not de-
phase the cyclotron orbit. The smallest angle which will
cause dephasing is of order"

8, =m/2v, (5)
—(~ ')
B

where v'is the Landau-level index. Since v (for a given B)
increases as N increases, 8, is expected to decrease in-
versely as the TEG density increases. This result was de-
rived simply from geometrical consideration of the in-
crease in phase of an electron in a cyclotron orbit which is
scattered through some angle 0. In a SdH measurement
an electron scattered through an angle larger than 8, will
be removed from the measured oscillatory current. In
A1GaAs/GaAs heterojunctions with typical TEG densi-
ties of 0.5X10' cm, the critical angle calculated using
Eq. (5) is 10'.

An example of the oscillatory SdH data, obtained from
ineasuring channel current as a function of the inverse
magnetic field, is shown in Fig. 2. The envelope of the os-
cillations is extracted by Fourier-filtering' the data to re-
move the dc and slowly-varying terms, and then back-
transforming the, filtered data. Although measurements
of the magnetotransconductance (g ~der/dV&) provide
amplification of the SdH oscillatory structure, additional
complications arising from terms proportional to dp/d Vg
make this method undesirable. The Fourier-filtering of
the magnetoconductance provides a comparable enhance-
ment of the oscillatory component without this complica-
tion.

FIG. 3. Typical least-squares fit (solid line) using Eq. {4)with
v~ as an adjustable parameter to the SdH oscillatory envelope
{discrete points) as a function of the inverse magnetic field.

The TEG scattering time, and hence mobility, may be
obtained as a parameter in a least-squares fit of the ampli-
tude envelope of the filtered data to Eq. (4). Figure 3
shows an example of the fitted data. The low-field
straight line is bent over at high fields due to the pre-
exponential factors in Eq. (4). This analysis is repeated at
a series of voltages to obtain curves of w& versus Vg.

III. CALCULATED SCATTERING MECHANISMS

Dominant scattering mechanisms limiting TEGFET
mobility have been the subject of lively interest. However,
all such previous calculations have dealt with ~, in order
to understand mobility limits. No previous calculation
addresses quantitative mechanisms for r~. In view of the
fact that earlier experiments" in metals showed several
orders of magnitude greater sensitivity to small-angle
scattering for rz than for r„an extension to TEG semi-
conductor systems seemed desirable.

The types of scattering which will be considered are
ionized-impurity, interface-roughness, and alloy-disorder
scattering. The classical scattering time is compared with
a quantum scattering time which measures the total col-
lision cross section to yield a quantum-to-classical scatter-
ing time ratio. The ratio is sensitive to the scattering
mechanism used to calculate the cross section. This is the
first systematic evaluation of the scattering-time —ratio
technique to select between competing scattering mecha-
nisms in TEG systems. This present calculation follows
earlier work of Ando and the symbol notation used is the
same.

—(& ')
8

FIG. 2. SdH oscillations as a function of inverse magnetic
field. The raw data show large, interfering low-frequency com-
ponents as well as higher harmonic content, which are removed
using the Fourier-filtering process. The data after filtering are
shown superimposed over the original data.

A. Impurity scattering

Under the broad classification of screened-Coulomb
scattering, collisions with ionized-impurity charge centers
are further divided into three subgroups depending on
whether the impurity is located in the TEG, undoped Al-
GaAs buffer layer, or in the doped A1GaAs layer (Fig. 1).
Most theoretical scattering models focus on centers out-
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side the TEG layer, since the MBE GaAs layer is not in-
tentionally doped, whereas the A1GaAs layer is heavily
doped. Various theoretical expressions have been
developed for the form of the scattering time from ionized
impurities. ' Ando has developed an expression for the
classical scattering time which extends to A1GaAs/GaAs
heterojunctions earlier work done explicitly for Si
MOS PET's,

4G tanh(m. G)cot(8, /2)
2k

Thus, the calculated quantum and classical scattering
times predict the ratio of the measured SdH and classical
(Hall effect, GMR) scattering times. For the present ex-
ample with a 10' critical angle (Sec. II}, the expected ratio
of r() /'rg 1s

=2m f dz¹(z)g
q

'2
2m.e

qNq)
[F;(q,z)

f

X(1—cos8)5(ek —ek e)

(6)

The sum in this equation evaluates to
2

[l= m I
2~ 2ee

(2~)' "0 qgq) i F;(q,z)
i

(1 cos—8)d8.

The complexity of Eq. (6) makes it desirable to illustrate
the calculation of the quantum-to-classical scattering-time
ratio using the comparatively simple unscreened form of
the differential cross section in two dimensions:

where

G tanh(m/G)

2k sin (8/2)

mZe

kate

(8)

The scattering time is related to Eq. (8) via the integral
2~—= f o(8)(1 cos8)d8 . —

0

Evaluating the integral in the Eq. (9) using the unscreened
differential scattering cross section of Eq. (8}gives

1 m G tanh(n G)
2k

This integral may be evaluated exactly for unscreened-
Coulomb scattering as

However, as discussed in the preceding section, the factor
of 1 —cos8 should not be included in the integral of the
cross section for the SdH quantum scattering time. In
fact, omitting the factor of 1 —cos8 is equivalent to count-
ing every scattering event equally, and for unscreened-
Coulomb scattering, leads to an infinite cross section, or
equivalently, v'=0. The SdH quantum scattering time at
a given magnetic field is not affected by scattering events
below a critical scattering angle O„which sets the lower
limit of integration. The quantum scattering time is relat-
ed to the differential scattering cross section by

=2 f o(8)d8 .

=—tan(8, /2) =0.07 (8 =10') .7T

4

Figure 4 illustrates the dependence of this scattering time
ratio as a function of the SdH critical angle 8, . The ratio
can differ greatly from 1. The scattering-time ratio falls
to zero as 0, approaches zero, where small-angle scatter-
ing is increasingly important.

This calculation can be extended for screened-Coulomb
scattering using Eqs. (6) and (7), following the steps out-
lined above for the unscreened case. The integrands are
more complicated, and rather than seeking a general solu-
tion, an explicit solution of the collision scattering time is
found by numerical integration. The ratio of the scatter-
ing times as a function of the critical angle is shown for
screened-Coulomb scattering in Fig. 5. Note that the
TEG density used in evaluating Eq. (6) was %=0.3)& 10'
cm ~, which was a typical zero-bias value of the electron
density in the measured samples. The ionized Si donors
were assumed to be separated from the TEG by the mea-
sured 80-A undoped spacer layer. These values were also
used in the evaluation of the interface-roughness expres-
sion that follows. At a critical angle of 10', the
quantum-to-classical scattering-time ratio is 0.14, a factor
of 2 lar'ger than the equivalent unscreened value. This re-
flects the fact that in, the limit of small scattering angles
the screened differential cross section is finite.

B. Interface-roughness scattering

This result can be rewritten in integral form as

~d+cff
~(k) (2M)' ' g(q)

e 'e ' (1—cos8)d8 .

(12)

The scattering-time —ratio values as a function of the crit-
ical angle are shown for interface-roughness scattering in
Fig. 6. We choose 6=4 A, d=15 A as in Ando. Note

A second plausible form of scattering arises from per-
turbations in the potential caused by "roughness" at the
A1GaAs/GaAs interface. Scattering in the TEG by inter-
face roughness has been studied in Si MOSFET systems;
this type of scattering dominates there at high carrier den-
sities. Recently, calculations have been made for hetero-
junction devices that build upon the previous work done
for Si MOSFET's. The expression for the interface-
roughness scattering time is

2

=2m. g ~ e e (1 cos8)5(eg, e—k e ) . —b,dFeff (edge)&
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FIG. 4. The ratio of the quantum and classical scattering
times, ~q/~„ for an unscreened-Coulomb potential as a function
for the Sdn critical scattering angle 8, . The scattering-time ra-
tio is small (compared to 1) over a wide range of 8,. The inset
shows the corresponding form of the differential scattering cross
section. The value of o.(8) is singular at 8=0', reflecting the
long-range nature of the Coulomb potential.

from the results in Fig. 6 that there is a significant quali
tative difference between the calculated scattering-time ra-
tio assuming interface-roughness scattering compared to
the screened-Coulomb case. %Rile the precise form does
depend on the choice of 6 and d, it is a general feature
that interface-roughness scattering is predoininantly large
angle. The calculated ratio v~/~, is nearly 1 for interface
scattering; this agrees remarkably well with earlier experi-
ments which indicated equality between the classical and
quantum scattering times in Si MOSFET's.

Obviously, direct measurement of the quantum-to-
classical scattering-time ratio is necessary to resolve
whether interface-roughness scattering is dominant.
However, evidence suggests that the atomically abrupt
heterojunction interface is smooth. ' This is expected be-
cause in A1GaAs/GaAs MBE heterojunctions the overly-
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FICr. 5. The scattering-time ratio rq/w, for a scveened-
Coulomb potential as a function of critical- scattering angle 8,.
The inset shows the differential scattering cross section. In con-
trast to the unscreened case, v.q/v, is finite at 8, =0' due to the
screening. The scattering-time ratio increases faster than in the
unscreened case, but only approaches unity for very large values
of 8, (=40').
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FIG. 6. The scattering-time ratio ~q /~, for interface-
roughness scattering. The inset shows the corresponding dif-
ferential cross section. Note that the values are larger than 1, in
contrast to Fig. 5.

ing AlGaAs lattice is matched to the GaAs one to within
a few tenths of a percent. In contrast, the Si02 dielectric
used in Si MOSFET's is (a) not well lattice-matched to the
underlying Si, (b) polycrystalline, and (c) adsorbed into the
Si layer. Therefore, interface-roughness scattering is not
expected to play the dominant role in electron scattering
in A1GaAs/GaAs heterojunctions that it plays in Si
MOS PET's.

C. A11oy-disorder scattering

During the growth of the heterojunction devices an un-
doped AlGaAs buffer layer of order 100 A is intentionally
placed between the Si-doped A1GaAs layer and the under-
lying GaAs layer to spatially isolate the ionized donors in
the lower-mobility A1GaAs. In placing the buffer layer
containing some fraction of Al directly against the GaAs,
alloy-disorder scattering becomes a third possible contri-
bution to the TEG scattering mechanisms. The theoreti-
cal liinit for the mobility, p ~ (A'/~) ', from alloy-
disorder scattering is of the order of 10 cmz/Vs. This is
2—3 orders of magnitude larger than comparable predic-
tions of other scattering mechanisms for heterojunction
layers with comparable TEG densities. Since the mobility
of the heterojunctions used in this work have mobilities
closer to 10 and 10 cm /Vs, we may safely assume that
alloy-disorder scattering is not a dominant contribution to
the scattering time in our samples.

To summarize, three principle forms of scattering have
been examined: ionized charge center, interface rough-
ness, and alloy disorder. Alloy-disorder scattering is not
expected to play a large role in A1GaAs/GaAs heterojunc-
tions and it is rejected as a dominant mechanism since the
predicted mobility limit is up to 3 orders of magnitude
larger than the measured mobility in the devices studied.
Interface roughness is also not anticipated to play a large
role in the scattering time since the heterojunction inter-
face is atomically smooth. The form of interface-
roughness scattering is such that the quantum-to-classical
scattering-time ratio is close to 1.0. Such a clear signature
of this type of scattering is experimentally easy to dif-
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ferentiate from screened-Coulomb scattering, which yields
scattering-time ratios differing by an order of magnitude
or more depending on the TECH density. On the basis of
the above considerations, it is predicted that screened
Coulomb is the dominant form of scattering in the TEG
at the AlGaAs/GaAs heterojunction interface.

IV. RESULTS

4. .0 x 10"-
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E

2,0 x10"-

(a)

The discussion of the results obtained from this work
will be divided into three parts. The first part deals with
the classical mobility measurements. The second part is a
discussion of the quantum scattering times as measured
by the SdH oscillation envelope. The third part presents
the quantum-to-classica1 scattering-time ratio and
discusses the fit to the various predicted ratios from the
preceding section.

SdH

0
0

1.5 x 10'

4~4—

VQ (V)

A. Classical lifetimes

The Hall mobility was measured over a temperature
range of 300 to 1.3 K. A substantial increase in mobility
was observed between the 300- and the 1.3-K measure-
ments. A decrease in the channel pinch-off voltage of ap-
proxirnately 500 mV was noted between 300 and 1.3 K,
due to the charge-depletion regions in the A16aAs ex-
panding as the donor charge density partially freezes out
at the lower temperatures. The peak value of the Hall
mobHity for the low-mobility wafer is 40000 cm /Vs at
1.3 K and 6200 cm /Vs at 300 K, corresponding to
scattering times of 1.5 and 0.2 ps, respectively. For the
high-mobility wafer the peak mobility, 117000 cm /Vs,
corresponds to a scattering time of 4.5 ps, a factor of 3.0
larger than that of the low-mobility wafer.

B. Quantum lifetimes

The quantum scattering time was measured on both the
high-mobility and the low-mobility wafers using a series
of different short-gate devices. The measurements were
made a temperature of 1.3 K while the samples were in
complete darkness. The issue of ambient light was a con-
cern because of the persistent photoconductivity effect, '

which can increase the TED+ density in a manner which is
difficult to control. At discrete values of the gate voltage,
the magnetic field is swept and the resulting oscillating
conductivity waveforrn is used to obtain a single
scattering-time value. The scattering time is obtained
from a single-parameter least-squares fit to the Ando ex-
pression [Eq. (4)]. The measured parameters in Eq. (4)
were the magnetic field 8, the temperature T, and the
8=0 value of the conductivity, o(0). As a check of the
fitting method, o(0) was left as a variable during the fit of
qq. The best-fit values of o(0) were typically within
10—30% of the measured values. This is remarkable
agreement since o(0) is a prefactor to the exponential term
containing q.

q and has little effect on the overall shape of
the oscillations. The agreeinent between the fitted and
measured o(0) confirms that the absolute amplitude of the
oscillations is correctly predicted. by Eq. (4).

Figure 7 shows the SdH quantum scattering times ob-
tained from both wafers. The quantum scattering time is

1.0 x 10

Hall

50 x 10

FIG. 7. Comparison of classical (Hall) and quantum {SdH)
mobilities. (a) Data are from the low-mobility wafer. (b) Data
are from the high-mobility wafer.

insensitive to the gate bias from —0.25 to —1.5 V because
the TEG density remains constant there. As the gate
voltage approaches pinch-off, the quantum scattering
time shows a monotonic decrease seen in the classical
scattering times. The same qualitative features are found
in both the low-mobility and the high-mobility wafers al-
though the quantum scattering time values differ by a fac-
tor of 2. For the lower-mobility wafer, it was difficult to
obtain quantum scattering times near pinch-off because
the decreasing TEG density produced fewer oscillations
during a sweep of the magnetic field, making the envelope
analysis difficult and prone to error.

C. Quantum-to-classical lifetime ratio

A dramatic feature is immediately apparent (Fig. 7)
upon comparing the quantum and classical scattering-
time measurements. The classical scattering times are ob-
tained from classical mobilities discussed above, via Eq.
(2). The quantum scattering time is smaller than the clas-
sical scattering time by an order of magnitude. Table I
lists the values of the peak classical scattering times and
the quantum scattering time for both the low- and high-
mobility wafers. The lower-mobility wafer was lower
quantum and classical scattering times by a factor of 2—3
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TABLE I. Classical (Hall) and quantum (SdH) mobilities and
corresponding lifetimes for both MBE wafers. Si MOS

Low-mobility wafer 40000
(1.5 ps)

7000
(0.3 ps)

Mobility (cm /V s)
Hall SdH

6. x tO~-

O

E
4. x IO dH

GMR

High-mobility wafer 117000
(4.5 ps)

14 140
(0.5 ps) 2. x lOs-

compared to the high-mobility wafer. Figure 7(a) shows
the scattering times Q; and Q.

Q
for the low-mobility wafer

plotted together for comparison as a function of gate bias.
Figure 7(b) is the corresponding plot for the high-mobility
wa er. iven ef G' the theory of the quantum-to-classical

nd III thesescattering-time ratio introduced in Secs. II and, t ese
data allow a determination of the limiting scattering
mechanism at the TEG heterojunction interface. The
scattering-time ratio Q.z/Q.„as a function of gate bias, is
plotted in Fig. 8 for both wafers. The classical scattering
time used here is from the Hall measurements. The
scattering-time ratio is nearly constant away from the
pinch-off gate bias. The scattering time ratio for the high
mobility wafer is consistently lower than the ratio for the
other wafer.

The same quantum-to-classical scattering-time mea-
surements have been made in a Si/Si02 MOSFET. The
data for both the quantum and classical scattering times
(here in terms of the mobility p =eQ./m) as a function o
gate bias are presenb' esented in Fig. 9. As the calculations
developed in Sec. III predict, the classical scattering time
is closely correlated with the quantum scattering time
measured via SdH. These MOSFET quantum and classi-
cal scattering-time measurements agree with earlier stud-
ies made on similar systems, and establish the validity o
our data analysis (both the Fourier filtering and the fits to

Figure 10 is the graph of the scattering-time ratio w&/r,
as a function of the critical scattering angle for the high-

0
0

I

4
v, (v)

IO

FIG. 9. The GMR and SdH quantum scattering times {plot-
ted in terms of the equivalent mobility) as functions of gate bias
for a Si MOSFET, measured in our laboratory with analysis
methods identical to those used for GaAs (Figs.7 and 8). The
region to the right of the mobility peak decreases with increas-
ing gate voltage (TEG density), in agreement with theoretical
models assuming surface-roughness scattering (Ref. 8).

and low-mobility wafers. The calculated ratio from
screened and unscreened impurity scattering and a com-
peting mechanism (interface-roughness scattering) are
overlayered on the graph for comparison with data. In-
cluded in this figure is the MOSFET QQ IQ; ratio for com-
parison with the interface-roughness curve and or con-
trast with the MBE heterojunction results. The data for
the high-mobility wafer are in excellent agreement with
the predicted ratio given by the impurity scattering curve

Low-mobility wofer

~ High-mobitity wafer OO 20

8~ (deg)

—~——0.172- a ~ ~ +

— — ——————————0.124

0
0

I

-I

VQ (V)

FIG. 8. The quantum-to-classical scattering-time ratio ~q/~,
for the high-mobility and low-mobility wafers as a function of
gate bias.

FIG. 10. Comparison of the measured vq/v, scattering-time
ratio and the calculated ratios (solid curves), from Sec. III, as a
function of the SdH critical scattering angle. Data from both
the high-mobility (~) and 1ow-mobility (S) MBE heterojunction
wafers are shown. Also included is the Si MOSFET scattering-
time ratio (i). The theoretical ratios {open symbols) are de-
duced from the intersection of the impurity scattering curve and
the calculated critical scattering angle [obtained from Eq. (5)]
for both MBE wafers. The open square (0) is the calculated
value for the low-mobility wafer and the open circle (0 ) is the
corresponding value for the high-mobility wafer. The error bars
for the theoretical ratios reQect the uncertainty in 8, introduced
b sweeping the magnetic field (i.e., the Landau index) to obtainys
the SdH quantum scattering time.
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TABLE II. Theoretical predictions (Ref. 3) of the AlGaAs
heterojunction mobility with the scattering mechanism as a pa-
rameter. The range of the values shown corresponds to the
measured TECi densities of the two MBE wafers. The first
value matches the TECH density for the low-mobility wafer.

Scattering
mechanism

Ionized-impurity scattering

Mobility (cm /V s)

(1.1—1.6) && 10'
( XL) —xg ——2 / 10' cn1 )
( Xdep]: 5 )& 10' cm )

Surface-roughness scattering

Alloy-disorder scattering

(3.0—1.2) && 10

(5.0—2.0) )& 10
(Xd, ) ——1.0X10', x=0.2)

and the expected critical scattering angle. The ratio for
the low-mobility wafer is somewhat smaller than expect-
ed, but is still in reasonable agreement. Qualitatively, the
separation of the scattering-time ratios of the two wafers
makes sense because the higher-mobility wafer has a
larger TEG density, which correspondingly means higher
Landau-level indices and a smaller critical scattering an-
gle.

The values of the theory points are based on a calcula-
tion of 8, which depends on the Landau index, i.e., the
TEG density and the value of the magnetic field [Eq. (5)].
The TEG density, controlled by the gate voltage,
remained fixed. Although the magnetic field value
changed during a SdH data window, the resulting change
in the critical angle only deviated by 4'—10' as a result of
the changing field. The measured quantum-to-classical
scattering-time ratio most closely agrees with the predict-
ed ratio for values of 8, corresponding to the lom-
magnetic-field portion of the SdH data.

In conclusion, these data strongly support the predic-
tion of screened ionized-impurity scattering as the limit-
ing scattering mechanism at low temperatures. These
data support this conclusion in several ways. First, the
data closely match the predicted scattering-time ratio, and
even though the two wafers have quite different quality
(the classical scattering time of the two wafers differs by a
factor of 3.0) both the quantum-to-classical scattering-
time ratios fit the theoretical result for ionized-impurity
scattering. If the higher-mobility wafer were sufficiently
pure to sense the next weakest scattering mechanism (e.g.,
interface roughness or alloy disorder), then the
scattering-time ratio result would not fit the same scatter-
ing curve (Fig. 10) as the lower-mobility wafer. Thus,
these results demonstrate that both samples are solidly in
the regime dominated by ionized-impurity scattering.
This agrees very well with recent calculations of the mo-
bility for the various contributions to the scattering in the
TEG. Table II lists the predicted classical mobilities
from various scattering mechanisms. On the basis of the
predictions and these data, it is expected that a low-
temperature mobility of at least 10 cm /Vs would be
necessary to observe the next weakest scattering regime
via the quantum-to-classical scattering-time ratio.

The successful prediction of the ~&/v, ratio in a MOS-
FET system, where the TEG mobility is limited by
interface-roughness scattering, is evidence that the scatter-
ing in the MBE TEG is limited by a different mechanism
(i.e., ionized-impurity scattering). In the MOSFET TEG
the predicted quantum scattering time is actually larger
than the corresponding classical scattering time; there is
thus a qualitative difference between the predictions of
scattering mechanisms. The measured MOSFET scatter-
ing times agree with the predicted scattering-time ratio,
lending confidence to both the measurement technique
and the theoretical method developed in the preceding two
sections.

V. SUMMARY

The transport scattering times ~& and v; have been mea-
sured in A1GaAs/GaAs heterojunction devices by classi-
cal (Hall) and quantum (SdH) techniques. The classical
transport scattering time is accurate only for those materi-
als where the angular distribution of the scattering is not
predominantly of small-angle type. At higher magnetic
fields, the Landau-level broadening is an effective measure
of every scattering event above a small-angle limit 8, .

A method of calculating the ratio of r&lv, has been
developed. The classical scattering time ~, is calculated
from the integral of the differential cross section in the
usual fashion with the inclusion of the 1 —cos8 weighting
factor. The SdH quantum scattering time r~ is obtained
by modifying the limits of the scattering integral to ignore
collisions below 8, and count every collision with 0& 6I,
by exclusion of the 1 —cos8 weighting. The ratio of r&/r,
calculated in this way is sensitive to the angular distribu-
tion of the differential cross section, which, in turn, de-
pends on the particular model of scattering considered.

Three likely scattering mechanisms have been exam-
ined: alloy-disorder, interface-roughness, and screened-
Coulomb scattering from ionized charge centers in the Al-
GaAs. The scattering-time ratio r& /r, for ionized-
impurity scattering (0.14 at 8, = 10') is small compared to
r&lr, for interface-roughness scattering. The qualitative
difference between r&/w, for ionized-impurity scattering
and competing scattering mechanisms allaws a confident
choice of the dominant mechanism from measured quan-
turn and classical scattering times.

Results from two MBE wafers of very different quality
have been presented. The low-mobility MBE wafer has a
Hall mobility of 40 000 cm /V s or, equivalently, a
scattering time of ~, =1.5 ps. The high-mobility wafer
has a Hall mability of 117000 cm /V s, or r, =4.5 ps.

The measured values of v& are nearly an order of rnag-
nitude smaller than ~, . The averaged quantum-to-
classical scattering-time ratios are 0.172 and 0.124 for the
low-mobility and high-mobility wafers, respectively. Both
these ratios are in very good agreement with the predicted
scattering-time ratio from the screened ionized-impurity
scattering calculation and confirm that it is the dominant
mechanism. Although the high-mobility wafer might be
expected to show influences of the next weakest scattering
mechanism, this was not found to be the case. Despite a
scattering time (either r, or r~) of =3.0 larger than the
low-mobility wafer, the data fram the high-mobility wafer
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actually fit the impurity scattering model better. This is
additional evidence that both MBE wafers are dominated
by ionized-impurity scattering (a situation not expected to
change until devices of mobilities of order 10 cm /V s are
measured) and confirms existing theoretical calculations
for the classical mobility in MBE A1GaAs/GaAs hetero-
junctions. These results are additionally confirmed by
the ~, and ~q data measured with a completely different
system, the Si MOSFET. Our MOSFET results are in ex-
cellent agreement with the predicted scattering-time ratio
for systems dominated by interface-roughness scattering.
The ratio re/~, is measured to be 1.1 at low gate bias, in-
creasing to 1.3 at higher biases. These measuremerits con-
firm earlier theoretical models and experimental measure-
rnents of the TEG at the Si02/Si interface. In addition,
our MOSFET results constitute experimental support for
the validity of the method developed here for calculating
the scattering-time ratio ve/r, from the form of the dif-
ferential cross section. A systematic investigation of com-
peting effects which might interfere with the accurate
determination of the wq, presented in the Appendix, indi-
cates that no known stray effect was large enough to be of
concern in our samples.
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APPENDIX: ANALYSIS GF COMPETING EFFECTS

This study represents the first quantitative analysis' of
SdH data to obtain the quantum scattering time wq in a
MBE heterojunction. In this appendix we investigate
several potential interfering effects and demonstrate that
they have no significant effect on the derived quantum
scattering time.

1. Inhomogeneity broadening

The frequency of the SdH conductivity oscillations is a
direct function of the TEG density:

2m.f n.fiÃ0 tx:cos 8 '
e

If the TEG density is constant throughout the device
channel, then the scattering time measured via the SdH
technique corresponds to the true Landau-level width due
to scattering. However, if portions of the TEG are at dif-
ferent densities, the overall amplitude of the SdH oscilla-
tions may be altered due to phase cancellation. Phase

smearing alters the SdH envelope and reduces the mea-
sured quantum scattering time. The effect is to broaden
the apparent Landau-level width; hence the term "inho-
mogeneity broadening. "

The change in density necessary to phase-cancel the
conductivity oscillations is

61V =eB/2M .

Depending on the field value chosen, the value of b,N re-
quired for phase cancellation varies between 8% and 32%
of typical measured TEG densities.

Alternatively, one can estimate a value of b,N which
would result in the observed quantum-to-classical
scattering-time ratio. The measured r~ for the low-
mobility layer corresponds to a mean Landau-level
linewidth of 2.2 meV. The change in the TEG density
which would account for the observed r, =0.21 meV is

EN =mhE//M =S.1&(10' cm

This corresponds to a percentage change in the measured
TEG density of 17%.

Such large TEG-density variations are not expected on
our samples. Independent sheet-resistance measurements
on the heterojunction wafers used in this work indicate an
interpolated density variation of approximately 0.5%
across the largest device dimensions. ' This is almost an
order of magnitude smaller than the value calculated to
produce the observed quantum-to-classical scattering-time
ratio.

Although the resistance measurements are a convincing
measure of the large-scale density homogeneity (compared
to a cyclotron orbit radius), they are not sensitive to mi-
croscopic inhomogeneities. Microscopic disorder, in the
Si-dopant homogeneity, for example, might result in
TEG-density variations. However, the MBE process is
carried out at low temperatures ( =600'C) and lateral dif-
fusion of the MBE constituents is unlikely. Variation in
X could also come from variation in AlGaAs thickness;
however, our A1GaAs layers were sufficiently thick that
N is insensitive to variation in the etched thickness at the
top of the A1GaAs.

Finally, the measurements of the quantum scattering
time do not support a picture of phase cancellation result-
ing in alteration of the oscillation envelope. No evidence
was seen of "beating" from phase cancellation of the con-
ductivity oscillations or of low-field amplitude anomalies.
In addition, variations between the values of the SdH
TEG density between devices on the same wafer were
small, typically less than 1%. The conclusion is that in-
homogeneity broadening is not a significant influence on
the measured quantum scattering time in our samples. '

2. Temperature effects

Temperature-broadening effects must also be con-
sidered since what is measured is effectively (1!r„,«
+ 1/~T) '. The temperature term depends on an accu-

rate measurement of the lattice temperature and on
thermal equilibrium between the TEG and the lattice.
During the least-squares fit of the quantum scattering
time, the temperature is normally set to the measured
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sample temperature. When the temperature is left as a
variable parameter (fixing the quantum scattering time
equal to the large classical value), the least-squares fit of
the TEG temperature is 9 K. The measured operating
temperature is an order of magnitude smaller, typically
1.3 K, so errors in measuring the absolute temperature
cannot account for the observed quantum-to-classical
scattering-time ratio.

Hot-electron effects were also considered, but were el-
iminated as a source of error in the measured ~e. The
source-drain electric field was always smaller than 0.3
V/cm, which is below published' lower bounds for ob-
serving hot-electron effects in GaAs. As a check, mea-
surements were made on the low-mobility wafer, indicat-
ing that an increase in the channel electric field by a fac-
tor of 10 above the typical field used for SdH measure-
ments did not effect the quantum scattering time. This
confirms that the TEG was in good thermal equilibrium
with the measured lattice temperature.

3. Geometry effects

Distortion of the transverse conductivity from the small
Hall electric field in a short-gate device was considered as
a possible source of error for ~e. Attempts have been
made to correlate theory to experimental measurements of
the channel current of rectangular device geometries in
high magnetic fields. ' ' According to the theory

developed by Wick for an arbitrarily shaped two-
dimensional sample in a magnetic field, the diagonal com-
ponent of the conductivity is given as'

ISd 1
O'xx =

~su g(tyxx/trxy)

where the function g( ) depends on the sample length-to-
width (L/W) ratio and the size of the channel contacts.
In moderate magnetic fields (to, a= 1), g( ) is a small
correction term to the channel current. Even for a rela-
tively large L/W ratio is 1/3, the function g( ) -is nearly
constant and close to the Corbino geometry limit of W/L
for the magnetic field ranges used in this work (less than
4.0 T).'9 The device geometries. used for SdH measure-
ments varied from I, /W=0. 05 (best case) to L/W=0. 29
(worst case).

An empirical check was made on a series of short-gate
TEGFET's with widely varying L/W ratios. The resul-
tant quantum lifetimes showed no significant difference
when compared for samples having L/W extremes of
0.05 and 0.29. We conclude from this empirical check,
which is compatible with existing theory, ' ' that a small
Hall electric field in a short-gate TEGFET is not signifi-
cant in explaining the observed difference between the
quantum and classical scattering times.
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