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How is the efficiency of Auger recombination in PbSnTe structures influ-
enced by the reduction of dimensionality? Two points are investigated, the
variation of matrix elements and of activation energies, respectively. It is
shown that the latter one gives the more decisive effect. This effect is strongly
anisotropic. Thus, {100}-planes or [100]-directions are favoured to yield large
Anuger lifetimes for Q2D or Q1D structures, respectively.

PACS numbers: 72.10.—d

1. Introduction

Narrow gap semiconductors are interesting materials for infrared laser and de-
tector applications. Due to the relatively large possible carrier populations near the
band edge, low-dimensional structures promise improved diode properties such as
decreased threshold current and weaker temperature dependence. A large amount
of work has been done on III-V-QW lasers [1]. Semiconductor quantum well struc-
tures and superlattices on the base of lead chalcogenides have also been investi-
gated experimentally and theoretically [2)].

The clarification of the role of Auger recombination as a carrier lifetime lim-
iting process is of particular importance since band-to-band Auger processes re-
present unavoidable non-radiative recombination channels. For bulk lead chalco-
genides it is well-known [3] that increasing band structure anisotropy and decreas-
ing gap energy (following e.g. the series PbSSe, PbSnSe, PbSnTe) give rise to an
increasing Auger recombination rate.

Here we ask, if the efficiency of Auger recombination is influenced by the re-
duction of dimensionality. Three essential points have to be considered in quasi-one-
-dimensional (Q1D) and quasi-two-dimensional (Q2D) structures: the occurence
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of new Auger recombination channels, the change in activation energy, E,, and
the alteration of the relevant matrix elements.

For III-V low-dimensional structures it is generally found [4] that Auger
recombination effects are as important in Q2D systems as in the bulk. However,
Takeshima [5] has shown, that the directional dependence of the overlap integrals
can reduce the effect remarkably in InGaAsP Q1D structures. The purpose of this
paper is to investigate the problem theoretically for PbTe/Pby_.Sn,Te quantum
wells (Type I) in the rough approximation of infinite well depth.

2. The activation energy

A characteristic two-valley process [3] dominates the Auger recombination in
lead chalcogenides with strong anisotropic band structure (e.g. PbTe, PbSnTe).
The Auger process is possible only if the charge carriers in the initial states pos-
sess a minimal amount of energy, the activation energy, E,. All k-vectors, k;,, of
electron states involved in this transition have to be parallel or antiparallel, re-
spectively. The activation energy for a certain direction of the k;, can be calculated
by means of

o] V1i+4r—142r 2
E, = — 1 2 -3 .
*T 2 l: + 21-r) ( +v \/1+4r+1+2r) }

Here, r = 7(J, p) means a factor of anisotropy denoting the effective mass
ratio mg/mq of the two valleys taking part in the process.

For Q1D structures we have to determine r in the direction of free motion
to get the activation energy by formula (1). For Q2D structures, there are certain
directions in the plane of allowed k-vectors where r is a minimum. This minimal
r will give the activation energy for the structure.

In bulk materials the problem will be solved by the absolute minimum of
r taken over all directions. For some specified directions of Q1D structures and
planes of Q2D structures the results are given in the Table [6]. The most effective
direction for the Auger process is the [111]-direction. In the [100])-direction with
r =1, E, = oo, we will get a vanishing Auger rate.

TABLE

Activation energies in low-dimensional PbSnTe structures.
Q2D Q1D
plane | r | E,/Eg | direction | r | E,/Eg
{100} | 0.4 | 0.54 [100] 1 00

110 0.4 0.54
{110} | 0.1 | 0.1 100 1 %

[110] 04| 054

111) 0.1 0.1
{111} | 0.2 | 0.23 110] 0.4 0.54

[211] 0.2 10.23
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3. Calculation of Auger coefficients C,

The complete analytical calculation of the Auger coefficients is possible only
under strong approximations. We assume a two-band Kane-model with a Q2D
subband dispersion relation at the L-point in k-space

2 272
for an infinitely deep quantum well (well width L; momentum matrix elements
Pz, Py, Pz; bulk energy gap Eg; upper and lower signs refer to conduction and
valence band, respectively; subband index n = 1,2..; the z — y-plane is the plane
of free electron motion). Due to the Kramers degeneracy four basic states have
to be considered at the band extrema. The main difficulties lie in the subsequent
calculation of the matrix elements M;; between final states f(1/,2') and initial
states i(1,2) and the summation over all states in

1 2r 2 .
D ..
cP = NPONIPND h %: IMi?f]?I §(Ei — Ey) exp[—B(Ey — Eg)].  (3)
Within the Kane-model the effective density of states N.,!’D corresponding to
the state j (valley and band) takes the form

vD _ (Ec,kBT)% 1 ksT (V+2)!! _ (V+4)IC}3_T )]
Nj - La‘”w%p" 2(v - 1)! 1+ Eg 4 1+(-2) 8 ’
(4)

Fe
where ¥ = 1, 2, 3 stands for Q1D, Q2D and 3D, respectively. For parabolic bands
the expression in curly brackets equals one. p¥ denotes a product of momentum
matrix elements which apply to the given direction, plane or bulk, respectively.
L3-7 is the length or the area of the confinement region.

Further we use a many-band envelope function approach [7] expanding the
carrier wave function according to

1 .
L) = 5 XREE) TG0 Ko (5)

Here the label »’ runs over four L-point basic states. The envelope functions
X7, depend on the in-plane wave vector K, the Bloch factors u,., are taken at
the band extrema. The influence of remote bands we will neglect. To evaluate the
matrix element M,-"‘}D for the Auger transition we use the Fourier representation of
the Coulomb potential and get

7= /+°° = Fuu(0:)Foo(:) | 6K, K, K- K
My 27 A€oloo \ J-oo q3+|K1—K1,|2 a— My, My - Ky
(6)
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where s )
1
Foa) =7 [ dsenplins) Sk, Q
2z vt

is the form factor.

The Coulomb potential has to be screened by the high frequency dielectric
constant £, [8]. A is the in-plane normalisation area and 2 = A . L. Similar
formulae like (5) and (6) arise from a many-band envelope theory for a Q1D struc-
ture. As far as PbTe/PbSnTe is concerned the band offset is small and only a
few subbands exist. We assume, that only the lowest subbands contribute to the
recombination. The matrix of envelope functions follows from a system of differ-
ential equations corresponding to the bulk k- p-analysis. However, the boundary
conditions for the envelope functions cannot be fulfilled completely. It is possible
to overcome this difficulty by using more complicated band structure models [9],
but for a first estimate of the effect it is sufficient to use a simple-band approach
corresponding to a wave function of the form

7 (1) = exp(iKR)X (2)u, (7). ®)

This envelope function does not depend on the in-plane wavevector K, whereas
the cell periodic Bloch factor u, g(r) does. In the expression (6) for the matrix
element we have to include the overlap integrals By;, between the Bloch factors.

According to the bulk theory [10]

1
|Bll’l2 = ‘Ez [p:%(kﬁ - kt;l)z +p§(ky1 - ky;/)z] . ‘ (9)

Using (8), an upper estimate of the form factors can be found easily for
infinite wells [4). We finally get a simple result for the matrix element Mi(}m, but
not all integrals in (3) can be done analytically.

Let us consider a Q1D electron gas confined in an infinitely deep square well
with electronic states approximated by the simple-band envelope theory

i ()= T exp(ikz2)x5 (2)x)" (¥)uve, (7) - (10)

Under the same assumptions as for the Q2D case we obtain the matrix ele-
ment

1/9\? R [ e \? 1
w2 _ 1[99y ™ ‘
IM - 2 (4) Q2 (60600) Esz 6k'l_k‘ll Iklgl—klg : (11)

For the Q1D model it is possible to take all the integralsin (3) only using
the usual approximations [11]. Finally we get
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cp - _ WP h"’( ¢? )2 (3)4 mr 11
3 b M
3kpT Eo€co 2 mp m% (1D
(1 + 4EG;’5) « (EP)
1 2 12
e (Chr) 0
where

Dzﬂm,(lﬂm—w%wﬁa)s

denotes multiplicities which are caused by the many-valley structure. The value
of u!P lies between 2 and 4, mq, mg, m., mg are the effective masses of the four
valleys entering the Q1D problem, the masses my), my correspond to the main
axes of the L-valleys in the bulk.

Now we compare the Q1D Auger coefficient (12) with the corresponding bulk
expression [10]

(13)

—

cp = W2 3h3( . )2ﬁ—(1+m—""§T) x
)

(1

1 E3D
(E%D)% exp( kgT) . (14)

Here, W3P = (w — 1)/w? with the number of valleys w = 4. The ratio
n = C}P/C3D is given by

3
81 WP mi /| (EgD)% 1+ %EETB Ew
n=|= X
2 W3D m2, /ms \ELP 1+ %ﬁ,’gg (1 + EgT>

cw 3|§

exp ) . (15)

Depending on the Q1D direction and the well area the first bracket in (14)
changes between 2 and 10. The second, temperature dependent term, varies from
5 at 200 K to an asymptotic value of 10 for decreasing temperatures. For T smaller
than 77 K essentially the exponential term decreases the ratio 7. Choosing a direc-
tion with high enough Q1D activation energy the Auger recombination rate can
be strongly reduced in a Q1D structure compared to the bulk rate.
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