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Abstract

The rates of electron trapping and detrapping by shallow donor impurity in the quantum
well have been calculated for transitions assisted by the emission and absorption of DA-phonons.
For impurities outside the infinite square quantum well due to large phonon wave vector the
main contribution is given by phonons with a wave vector perpendicular to the well. Numerical
calculations give for GaAs and nimp ~ 10'°/cm? trapping rates in the range of 10° + 10'%/s for
electrons on the bottom of the lowest subband. Trapping and detrapping rates decrease rapidly
with the increase in electron energy ¢ and are proportional to (e+ €))7, where ¢; is an impurity
ionization energy.

1 Introduction

The processes of trapping on impurity centers are known to play an important role in transport
and noise properties of bulk semiconductors [1]. The capture of bulk carriers by hydrogenic attrac-
tive centers is usually treated within a cascade model, where the transitions between the levels of
quasi-continuous impurity spectrum occur due to cascade of emitted low-energy acoustical phonons
(2]. The trapping of a bulk carrier to a single shallow level of a neutral impurity was considered
by Gershenzon et al [3]. The capture occurred due to emission of DA-phonon with wave vector @
much greater than other inverse lengths of a problem.

The first consideration of shallow levels of hydrogenic impurities in quantum wells (QW) was
performed by Bastard [4] within a variational method. His results have been generalized by a
number of authors, far-infrared absorption and photoluminiscence on shallow impurities in QW
was studied both experimentally and theoretically.

In this report we study the processes of trapping and detrapping of the electron moving in a
QW to a ground state of shallow hydrogenic impurity. In contrast to the case of on-center impurity
in a wide QW where several bound energy levels can exist and situation resembles that in the bulk,
we restrict ourselves to trapping by impurity outside the well assuming that electron is captured
directly to a single bound state. The transitions between the bound and free states are considered
to be assisted by emission and absorption of longitudinal DA-phonons.

2 Model and Calculations

Following Bastard [4] we consider the system of the infinite square quantum well of the width W
and a shallow donor impurity outside the well. In the effective-mass approximation the unperturbed
Hamiltonian of the system is given by
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H=7—- + Vow(2) (1)
2m e [p 4+ (2 - 25)2]1/2 ’
where m is an effective mass of electron; €, is a lattice dielectric constant; (0, 2;) is an impurity
position in cylindrical coordinates, we assume that z; > W/2; term Vow(z) is the quantum well
potential taken as 0 for —W/2 < z < W/2, and +oo otherwise.
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For the ground state of H in (1) we use the trial wave function [4] containing variational
parameter A

yi(e) = T s o~ VFFCET (2, @

Here x(z) = V2/W cos(rz/W) 8(W/2 — |2|), where 8(z) is a step-function, is a transverse wave
function of a lowest subband; the normalization coefficient is given by

2 W2 wo . W2 ew/eta 7
N?(\) = - {1 + <;r_X) } {cosh >N + smh—A— {—X— - W}} 3)

Minimization of the expectation value of the Hamiltonian # for the trial wave function %;(r)
gives the value of the variational length A and ionization energy ¢; of the impurity bound state
6 = hin?[2mW? — (| H|:)

We consider the transitions between the impurity ground state 9; and unperturbed free electron
state at the lowest subband (the influence of the impurity potential on the free clectron motion is
out of consideration) given by

Pic(r) = §7/2 exp(ikp) x(z), (4)

where S is a layer area, and k = (k;, ky) is in-plane electron wave vector.

We treat trapping and detrapping of clectrons in QW as transitions between free clectron
state and ground impurity state due to the interaction with longitudinal DA-phonon modes. For
characteristic ionization energies ¢; ~ 30 + 100K, the corresponding phonon momentum will be of
the order of Brillouin zone width, as in the case of intervalley scattering. For the calculation of the
trapping and detrapping rate we use expressions identical to these for phonon intervalley scattering

[6]:
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Here Wl?_”. and ng are probabilities of transitions between states ¥ (r) and ¥;(r) per unit time
mediated by short-length phonon with wave vector Q = (q,¢,); D is the interaction constant; wQ
is a dispersion relation, and n¢q is a phonon occupancy number; py, and V are crystal density and

volume. The quantity M{(—{k is a marix element of transition; with allowance for Eqs. (2) and (4)
after integration over the polar angle we obtain:
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To calculate the rate of trapping (detrapping) from (to) the state with given k we have to
perform the summation in Eqgs. (5) and (6) over all possible bulk phonon wave vectors Q. Energy
6-function specifies the magnitude of phonon wave vector. For given impurity ionization energy ¢
and clectron energy € = h%k?/2m the magnitude Q. of phonon wave vector is defined by the energy
conservation law:

hwg, = ¢; + ¢ (8)

In the following we restrict ourselves by the case of such energies ¢; and ¢ that phonon wave
vector @, is much greater than other values of the same dimensionality. This is a realistic approx-
imation for characteristic lengths of the order of hundred angstroms and ¢; + ¢ >20 K. In this case



due to rapidly oscillating factors exp(ig.2) and Jo(|q — k|p) in Eq. (7) the trapping and detrapping
rates decrease rapidly with the increase of Q. Analysis of the integral in Eq. (7) shows that for
finite values of |z — 2| (i.e. impurity outside infinite square well) the matrix clement M.'(ik de-
creases exponentially with |q — k| and only algebraically with ¢,. Therefore emission (absorption)
of phonons with longitudinal momentum component q differing much from electron momentum k
is unfavorable (“quasi-conservation” of momentum in zy-plane) and main contribution to trapping
and detrapping of electrons is given by “lransverse” phonons with

szh»q,k-

The situation would be different for the case of in-channel impurity or the impurity outside the well
of a finite height, where the contribution of phonons with small and large longitudinal components
g can be comparable and would resemble the trapping of electrons in the bulk by the neutral
impurities [3]. '

Substituting the expression (7) for matrix element into Eqs. (5) and (6) and performing the
integration over phonon wave vector Q we find, with the help of identity [f°zdz Jo(zp) Jo(zp') =
6(p — p')/p, the following expressions for the differential trapping and detrapping rates:

D? dwg -1 ng, +1 F
Wi(€) = nimpy — < < ; 9
() P oL | dQ €+ ¢ 272 (QCI/’E/’/%')6 ©)
dect,(f) m Dz dMQ( - ngQ, F (10)
de 2mh? dQ €+ ¢ 2n2(Q. W/21r)6’

Here Wy, (¢) is the probability per unit time for electron with energy ¢ to be trapped; dWye,,(€)/de
is the probability per unit time for trapped electron to be ionized to the interval of energies from €

to € + de ; Nimp = Nimp/S is a sheet impurity density; dwgq/dQ is a derivative of phonon spectrum,
for small @ it tends to the sound velocity; factor F is given by
2z; W w w

F = N3*()) [(1-}——;:—) oh -5 smh—:\-——Qcoth ], (11)

where @ = A72 [pdp exp [—\/p2 + (z + W/‘Z)"’//\] exp [— Vet + (2 — W/2)2/)\] is amplitude of
the oscillations in trapping and detrapping rate owing to the of sharp edge in transverse electron
wave function. Note, that Q is always smaller than nonoscillatory terms in Eq. (11). Detailed
analysis of other limiting cases shows that the approximation of large phonon wave number @ used
in deriving Eqs. (9) - (11) is good for QW > 2x.

Besides the differential trapping and detrapping probabilities Wi, (¢) and dWgetr(€)/de we will
consider also integral characteristics:

1ry = /0 ¥ H(OWe(e) de ; (12)

rieo = [ |1 - T2 g | el o (13)

Here 74, and 74, are lifetimes of occupied and unoccupied state of a given impurity; f(¢) and n. are
the distribution function and concentration of electrons on a lowest subband. Trapping-detrapping
balance equation allows to determine for given times 74e;r and 7y the concentration of the trapped
clectrons, ny = Nimp Tdetr/ (Tdetr + Ter)-
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3 Numerical Results

We evaluate the trapping and detrapping rates Wy (¢) and dWy(¢)/de given by Egs. (9) -
(11) for the parameters of GaAs; we used the value D = 10° eV/cm for short-wave DA-phonon
interaction constant [5]. Sheet impurity concentration was chosen to be njnp = 1019/cm?; electron
concentration on the lowest subband n, = 10'? /cm?; electrons and phonons were assumed to be in
cquilibrium with temperature T, = T}, = 300 K.
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On the figure we present the results of evaluation of W, (¢) and dWye,(¢)/de for several sets of
parameters W and z;. Calculated trapping and detrapping rates decrease rapidly with the increase
in clectron energy, being proportional to (¢; + ¢)~7. Impurities at large distance 2; have smaller
ionization energies and therefore lead to greater trapping rates than on-edge impurities.

The integral trapping and detrapping rates calculated with the help of Egs. (12) and (13) are
in the range from 7, = 4.9 x 1078 s and 745, = 7.8 x 1079 s (for W = 200 Rand 2z, =100 4 )
o Ty = 1.0 X 107" s and 7ger = 1.6 X 107'% s (for W = 100 A& and z = 250 A), corresponding
concentration of captured electrons is about 7y = (0.14 + 0.19) 7jpmp.

Calculated rates of trapping and detraping will be included in Monte Carlo codes to investigate
the cffect of capture on noise and transport properties of carriers in quantum wells.
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