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The effect of free-carrier screening on polarons in semiconductor heterostructures and quantum wells is

considered with particular reference to GaAs-based experimental systems. It is shown that screening has an

appreciable effect on quantities like the polaronic binding energy and the effective-mass renormalization as

well as on the polar scattering rate. Different models for the screened polar interaction are compared quan-

titatively and the importance of using wave-vector-dependent screening in the theory is established.

A thorough quantitative understanding of the polar
electron-LO phonon ("polaron") interaction in high-
mobility two-dimensional (2D) systems like GaAs-AlGaAs
heterostructures and quantum wells is very important with
respect to both the device operation and the fundamental
physics of these systems. The polaron interaction is an im-
portant factor in determining the high-temperature mobility'
and the hot-electron properties2 of these systems. On a mi-
croscopic level this interaction renormalizes the carrier ef-
fective mass, an effect which may show up in cyclotron res-
onance experiments under suitable conditions.

Our objective in this paper is to obtain a quantitative esti-
mate of the free-carrier screening effect on the polar
optical-phonon interaction in quasi-two-dimensional semi-
conductor microstructures. With the exception of a publica-
tion4 by one of us, screening effects have virtually been
completely ignored in the literature on polar optical-phonon
interaction in quasi-two-dimensional structures. This is
surprising in view of the fact that 2' screening is stronger
than the corresponding 3D effect and for three-dimensional
doped polar semiconductors (e.g. , InSb) free-carrier screen-
ing was shown to be important as early as 1959 by Ehren-
reich. In this Rapid Communication we provide a rather
complete quantitative picture of screening effects on various

polaronic quantities like the binding energy, the polaronic-
mass renormalization, and the electron-LO phonon scatter-
ing rate in realistic confined semiconductor structures. Our
actual numerical results are for the we11-studied mod-
ulation-doped GaAs-A16aAs system, even though the
theory itself is quite general and applies to all 2D structures.
We find that screening effects are substantial and, for GaAs
systems, one would make quantitative errors by as much as
a factor of 10 by neglecting screening. This calls into ques-
tion most of the theoretical work6 done on this subject to
date since screening is usually neglected' (except for a for-
mal discussion in Ref. 7) in these calculations. In fact, we
find that for the usual range of electron densities in GaAs
heterostructures screening is more effective in reducing the
strength of the polar interaction than the usual form factor
effect ~ arising from the subband wave functions associated
with the carrier confinement. Screening and form-factor ef-
fects together reduce polaronic-interaction effects in these
2D structures below the corresponding 3D results even
though the intrinsically pure 2D polaronic effects are much
stronger4 9 than the corresponding 3I3 situation.

The central quantity in our calculation is the electronic
self-enejI gy due to the polar interaction, which in the
leading-order approximation is given by (f = 1 throughout),

g(k, io)„)= —(p ') g g g ul), ,„,J(q, ivI) G), ,„,(k —q;io)„—ivI)
q lpI X1)2

where p=(AT) ', ij, h. ~, h.q are subband indices, u is the
screened electron-phonon-electron interaction, and 6 is the
electron Green's function. The frequencies
r0„= (2n+ l)m/P and vl=2lm/P with n, 1=0, +1, +2,
etc. , are the standard Matsubara frequencies and k, q are 2I3
wave vectors. The leading-order self-energy approximation
has been shown9 to be quite good for systems of our in-
terest with their weak polar coupling. %e evaluate the self-
energy given in Eq. (1) by following the prescription9 of Das
Sarma and Mason. In evaluating the self- nergy we make
only the following approximations. (i) We make a 1-
subband approximation which should be valid in GaAs sys-
tems for N, ( 7& 10" cm 2. (ii) We calculate the screened
polar interaction by using the static random-phase approxi-
mation (RPA) whence the interaction becomes
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where F(q) is the form factor'9 associated with the 2D
confinement and e(q, 0) is the static dielectric functions 9 of
the system. The use of the static screening has been
shown5 to be quantitatively accurate in 3D systems and we
assume its applicability in our systems as well. The
electron-phonon coupling strength is given by the dimen-
sionless Frohlich coupling constant n which for GaAs is
0.07. (iii) The subband wave functions are obtained in the
Stern-Howard variational scheme which has recently been
shown'0 to be a fairly accurate description for the GaAs
heterostructure.

The calculation of polaron binding energy (E~), polaron
effective mass (m~), and the electron-phonon scattering
rate (I ) from the polaron self-energy X [Eq. (I)] is stand-
ard and has been described in detail elsewhere. In this Ra-
pid Communication we will only give representative results
for E~, m~, and I for GaAs-based quasi-20 systems using a
variety of screening approximations.

In Fig. 1 we show the weak-coupling polaron binding en-
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well thickness (a) in angstroms. For this calculation we as-
sume that the well thickness (a) and the 2D electron densi-
ty (N, ) in the well are independent variables. We obtain9
the form factor by making the usual square-well approxima-
tion which should be good at low N, . The difference in Am
in Fig. 2(b) for different values of N, (but fixed a) is en-
tirely due to screening. We conclude that screening effects
could be substantial.

In Fig. 3 we show the electronic scattering rate (I ) due to
the polar Frohlich interaction. Formally it is just the ima-
ginary part of the polaron self-energy given in Eq. (1). In
Fig. 3(a) we show I' as a function of the temperature (T)
for a fixed electron density of %,= 3 & 10" cm in a GaAs
heterostructure. Six different - screening approximations
have been employed which have been labeled 1—6 in order
of increasing sophistication: (I) purely 2D result without
any screening or form-factor effect; (2) no screening, but
includes form-factor effect; (3) classical Debye screening;9
(4) zero-temperature Thomas-Fermi screening; (5) zero-
temperature finite wave-vector RPA screening;" and (6)
finite-temperature finite wave-vector screening'2 [the results
in (2)—(6) include quasi-2D form-factor effect].

In Fig. 3(b) we show the scattering rate as a function of
quasiparticle energy E (measured from the Fermi energy) at
a fixed low temperature (T=SO K) for a GaAs hetero-
structure with fixed electron density N, = 3& 10" cm . At
such a low temperature (ks T/coLo = 0.1) most of the
scattering is due to LO-phonon emission and, therefore,
Fig. 3(b) has a sharp threshold at E = coLo above which pho-
non emission is allowed. The behavior of the scattering rate
at the threshold is much sharper in 2D systems compared
with the corresponding 3D systems as has been emphasized9
by us elsewhere. The six curves in Fig. 3(b) correspond to
the same six screening approximations employed for Fig.
3(a). Screening is seen to have a substantial effect on the
calculated scattering rate.

On the basis of the above results we conclude that for ob-
taining results which are quantitatively correct to within
10%, one has to use finite wave-vector RPA screening for
calculating polar interaction, except at rather high tempera-
tures ( ) 300 K) where classical Debye screening seems to
be a good approximation. This conclusion is similar to
that' of Stern who concluded, for entirely different reasons,
that finite wave-vector screening effects are important for
impurity-scattering limited transport in 2D systems. It
seems that long-wavelength Thomas-Fermi screening ap-
proximation is quantitatively a poor approximation for 2D
semiconductor systems and should be avoided if possible.

We conclude by stating that we have calculated
polaronic-binding energy and mass, and polar scattering rate
in realistic quasi-2D microstructures like GaAs heterostruc-
tures and quantum wells by using a variety of screening ap-
proximations for the polar interaction. To our knowledge
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this is the first such calculation including form-factor,
screening, and Fermi statistics effects in realistic systems.
Our calculation clearly shows the quantitative importance of
finite wave-vector screening in understanding polar interac-
tion in realistic quasi-2D systems.
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FIG. 3. (a) shows the polar scattering rate I' as a function of
temperature T in a GaAs heterostructure for six different screening
approximations labeled 1-6 (as explained in the text) at a fixed
N, =3x10tt ctn 2. (b) shows I'(E) as a function of electron ener-
gy -E (measured from EF) in a GaAs heterostructure at fixed N,
(=3X10 cm ) and T (=50 K) for the same six screening ap-
proximations as in (a).
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