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ABSTRACT

The effect of recombination centers on the relaxation process of photo-

excited 2D electron systems in polar semiconductors is studied theoretically.

Our analysis takes into account the most important mechanisms of relaxation.

We find that under certain conditions recombination to centers can drastically

modify the e-ph interaction via reduction of screening. Consequently, the time

behaviour of the energy exchange rate between the electronic system and the lattice

can also be altered. Our results indicate that recombination to centers affects,

in different ways, the time evolution of the carrier temperature and the rate of

energy exchange rate. Qualitative agreement with some experimental data lends

support to the model and allows us to make some predictions,
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I. INTRODUCTION

The development within this decade of powerful experimental techniques

in laser spectroscopy and a better availability of MBE systems have

permitted the observation of various interesting physical phenomena in the

field of hot carriers in semiconductors , These sophisticated experimental

tools give us an opportunity to explore the dynamics of non-equilibrium carrier

distribution in 3-D and 2-D systems. The information, obtained by the

experimental results and the theoretical predictions, is highly appreciated in

modelling ultra-fast opto-electronic devices and is, of course, of fundamental

scientific interest.

Many emission and absorption spectroscopy experiments have been carried

out in the last few years to examine the various dispersion and relaxation

mechanisms of photo-excited hot carriers. It is usually believed that the time

evolution of the carrier temperature T is a measure of the energy exchange

rate . Moreover, although electron-electron (e-e) collisions and recombination

are important mechanisms in the relaxation process, it has been well

established that it is the carrier-LOP (longitudinal optical phonon) interaction

which is predominantly responsible for the cooling of the hot carriers.

Recently, many authors have reported slowed cooling at high carrier

densities . Two possibilities suggested to explain this reduction are:

a) screening of the carrier-LOP interaction I and b) the generation

of large non-equilibrium LOP population . Moreover, defects in the lattice

(acting as recombination centers) as well as extended impurity states may

substantially affect the relaxation process by altering the recombination rate

as well as the strength of (e-e) electron-electron and (e-ph) electron-phonon

screening.

In this paper we study the effects of recombination centers (extended

impurity states and defects) upon the relaxation process of a 2-D hot electron

system. Our analysis is based on a phenomenological model which has already

served to explain some trends observed in steady state luminescence experiments
18) 19)and in the relaxation process of polar semiconductors . In our

description, we shall confine ourselves to 2-D systems (e.g. MQWs) for then,

a constant density of states is more justifiable. In this work the screened

e-e and e-ph interactions, band-band and band-center recombinations, and phonon

population effects are taken into account. In Sec II we briefly review some

pertinent aspects of the model and discuss the inclusion of the recombination

centers. In Sec. Ill our results are presented and compared with experimental

and other theoretical results reported elsewhere. Finally, in Sec. IV we summarize

our conclusions and suggest some further studies.
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II. THEORETICAL PROCEDURE

We firstly sketch parts of the model which are relevant to our work

here and immediately extend it to include the effects of recombination centers.

In the model (see Refs. U8) to(20)for details) the continuum of states of the

conduction band is replaced by a discrete set (i = 0,1,2,...) of energy interval,

each of size ie = 4iu>. n (the LOP energy), where the i level has an
21)

energy e, = i x Ae and a carrier population x>« A self-consistent

phenomenological analysis yields the following rate equations governing the

relaxation process:

The effective frequencies (OJ, v, etc.) as they appear in Refs.(lg)

and (l9) are taken as constants. Now, in order to take into account the

screening effects and the generation of non-equilibrium LOPs, the form of

these frequencies take the form

(2.6)
mm*

At

(2.1)

*-

(2.2)

(2.3)

and

(2.4)

(2.7)

and

_> V -
tnuux. (2.8)

Here N and N* are some threshold values of N such that for N > N and
c c

N > N* the screening of the e-e interaction and e-LOP interaction,

respectively, become noticeable. Note that v, )i and z(N) change in time

via the time dependence of N^ (cf. eq. (2.4)) and N = N(t) 22\ We shall

use in this work the expressions (2.6)-(2.8), which are justified in Ref. (23),

and concentrate now on the inclusion of the effects of recombination centers

into the rate equations (2.1)-(2.4). These are introduced by assuming,

as usual , that the carrier in the lower energy levels are the most affected.

As a first order approximation, we let only the lowest level (i = 0) be affected

by the presence of the recombination centers by adding the term

The parameters ui, v, \x, zN are effective frequencies associated with

band-band recombination, emission, absorption and e-e collisions; where N = N(t)

is the total electron population at time t. N ^ N ( t = 0 ) is the laser

injected population, £, is the phonon damping constant, E is the renormaliEed

electronic energy, N is the renormalized excess number of LOPs, and

- % %•
(2.5)

is the renormalized total carrier population at time t .

) '
(2.9)

to the r.h.s. of Eq. (2,1). Here t» is the effective frequency of recombination

to centers and X is a measure of their activity compared to band-band recombination

frequency u. As it can be seen from Eqs. (2.3) and (2.4), the rate of energy

-3-



lost by the e-LOE interaction as well as the rate of creation of excess

phonons depend on the carrier population XQ- Hence, recombination to

centers may appreciably alter, by the influence of Eq. (2.9), the relaxation

process. Allowing not only the lowest level but also a few of the lower levels

to be effected by recombination to centers can be implemented by letting X

depend on e.. We have found that for some reasonable energy dependence the

changes, compared to using A = const, are negligible for our purposes.

For our model to simulate a given experimental condition, the initial

values of the effective collision frequencies must be chosen appropriately.

Note that the relative intensities of the various interactions are manifested

via the relative magnitude of their associated effective frequencies. The strength

of the screening of the e-e and e-ph interactions is determined by the ratios

N/Nc and N/N* respectively. Yoffa ' reports N* of the order of

1 0 1 6 cm"3 for GaAs.

In all calculations to be presented in the next section, we take (except

when explicitly mentioned) the same value of Ref, 20 for the effective collision

frequencies, namely, m = 0.0001, \>Q = .15, u = .01, Z]nax - 0.4, E, = 0.3.

III. RESULTS AND DISCUSSION

The decay constant (or lifetime) and the mean lifetime (energy-integrated

lifetime) are two important hot-carrier relaxation quantities often reported in

luminescence and absorption experiments }> '• '• '. pjg, ia shows our

calculated decay constant as a function of the level i for some representative

values of A, the parameter which measures the activity to the centers of

recombination. In this figure we are ignoring screening effects. Fig. lb shows

the curves $ vs. i, in the case uhere screening is considered. Note that these

curves essentially represent the energy dependence of 4 since i is proportional

to energy (i = c^/h^). These figures show that whether or not screening is

considered, the decay constant gets shorter as the energy decreases. This is

in agreement with Ryan et al. experimental result for MQW and carrier
IS -3

excitation density n of 5 x 10 cm . For this (high) value of n
exc exc

screening is important "•' and by inspection of Fig. lb the theory predicts that

the decay constant gets shorter as the recombination centers become more efficient

and that this effect is more notorious at low energy.

10)Ryan et al.

becomes shorter as n

also measured T as a function of n find that it

decreases, and propose the existence of hole traps

to explain this effect. Fig. 2 shows curves for 6(i = 1) vs. z (t = 0),

where z by definition (cf. (2.8)) is proportional to n

= 1) get shorter as
exc* Here we see that

decreases. Moreover the effect of the presence
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of recombination centers is to also shorten S(l). Note that this decrease

occurs for all n and not just for the lower values of n . However, this
exc exc

result cannot be legitimately compared to that of Ryan et al. since <5(i = 1)

is not the energy-integrated lifetime. Moreover, up to this point we have

considered recombination to centers only. Recombination to traps can be done

by adding to Eq. (2.1) the term

(2.10)

where u = <u (N ) is the effective collision frequency which depends on the

number of available traps N = N (t). We have found that inclusion of the term

(2.10) to Eq. (2.1) plus the appropriate self-consistent modifications to the total

carrier population with reasonable values of some new parameters, do not change

appreciably our results. Thus, in the rest of our calculations we exclude the

effects of traps and focus on the effects of recombination to centers.

It is usually assumed that the rate of energy exchange between the

lattice and the carriers can be deduced from the time evolution of the carrier

temperature T Experimentally, T is obtained by fitting an exponential to

the luminescence spectra. Here, analogously, we calculate T by fitting an

exponential to the first lower levels. Fig, 3a shows T(t) curves for

various activities of the recombination centers ignoring screening, while Fig. 3b

shows T(t) curves including screening. In Fig. 3a, we observe, contrary to

what may be expected, that the system thermalizes (the initial values of T

in the figures) to higher temperatures as the activity to recombination centers

increases. Note also that the temperature of the carrier system, with

recombination to centers, maintains higher values throughout the whole time.

On the other hand, we see in Fig. 3b that the effect of screening is to

counteract the effect of the recombination centers on the temperature even though,

at times immediately after thermalization impurity effects still dominate the

competition.

To get an idea of the influence of the recombination centers on the

e-ph interaction, we analyze the time evolution of the e-ph interaction.

Figs, 4a and 4b show curves for the effective e-LOP collision frequency

y(Noit) as a function of t for the unscreened and screened cases, respectively.

Quick inspection of these figures reveal the drastic influence that the presence

of recombination centers have °n systems where screening is important, whereas in

the case where screening can be ignored (low N), In the latter case the

presence of the extended impurity states is to modify slightly the strength



of the (e-LOP) interaction (see Fig. 4a). In situations when N is large

enough so that screening is important, Fig. 4b indicates that if carriers

can efficiently recombine to centers, then the strength of the e-ph interaction

will, after reaching maximum intensity, weaken then get stronger again, and finally

reach its initial value (Fig. 4b does not show this last region). This

"up and down effect" is caused by the competition of 2 mechanisms which directiv

affect the e-LOP collision frequency, namely; a) the generation of the excess

phonon population NO(K = (N-n ) v - t, No, Eq, (2.4)) and b) the screenlns

of the e-ph interaction (the denominator of v = vo(l+Nn)/(l+(N/N*) , Eq. (2.5)).

At times right after injection of the pulse, the numerator in Eq. (2.5) increases

because the excess phonon population N is increasing (cf. Eq. (2.4)) but

after some time, when the lowest level in the conduction band starts getting

abundantly populated (N(t) - n.) goes to zero, N decays and makes

v-d+N-) go to vn, the bare (unscreened) c-LOP frequency. While this occurs^

N(t) decreases as t evolves making the ratio N/N* smaller and 1 + (N/N*)

approaches 1, diminishing screening, which in turn, increases the e-LOP collision

frequency again. Now Fig. 4b shows that the latter effect, the "unscreening",

appears earlier for larger values of A. This is because as A gets larger

XTQT(t) and consequently N(t) decay faster for larger A (cf. Eq. (2.9)).

It is interesting to look now for manifestations of the drastic effect

that recombination centers have on the e-ph screened interaction on the rate of

energy exchange. Our model allows us to analyze this point by evaluating

(dE/dt) = Eq. (2.3) as a function of time. Figs. 5a and 5b show our results

for the unscreened and screened cases, respectively. In Fig. 5a we note that

at early times (t <, 25 units), the rate of energy exchange is not affected

by the presence of the recombination centers. At longer times (25 £ t <.60)

the exchange energy rate is lower for systems where recombination to centers

dominates over band-band recombination. At times larger than "* 60 units,

the roles are reversed, namely, samples with dominant band-band recombination

exchange energy slower than those where band-centers recombination is

important. We recall that these results apply for low densities of carrier

excitation n whose screening can be ignored. On the other hand, Fig. 5b

applies to high n systems for which screening plays an important role.

In this case the opposite effect (to the unscreened case described above) occurs.

Thus, again the screening effects and the presence of recombination centers show

up as competing mechanisms.

An interesting physical aspect which emerges from our analysis above

is the apparent incongruence between the T vs. t curves (Figs. 3a and 3b)

and the information that one may infer from the (dE/dt)e_Dn vs. t curves

(Figs. 5a and 5b). That is, if the time evolution of the carrier temperature
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is in fact a direct measure of the carrier energy loss, then one should expect

that the crossover and splittings shown in Figs. 5a and 5b manifest themselves

somehow in the temperature cuves (Figs, 3a and 3b). This (usually assumed)

correlation is definitely not seen in these figures and we think that the apparent

incongruence originated by extrapolating too far the concept of Temperature T

for the hot carriers. In fact, the out-of equilibrium distribution function of the

carrier system is not quite simply given by a Maxwellian factor alone

Thus the evolution of T, operationally defined by fitting luminescence spectra

to a Maxwellian, does not necessarily reflect the energy exchange between the

carrier and the lattice.

IV. SUMMARY

The influence of recombination centers in 2D hot electron systems has

been studied qualitatively using a phenomenological model which takes into

account the most important mechanisms of relaxation. We calculated the decay

constant, the mean lifetime of luminescence, and the time evolution of the

e-ph interaction frequency, the carrier temperature, and the rate of energy

exchange rate. The results are presented in two cases; namely, screened e-e

and e-ph interactions and unscreened interactions. We find that the presence of

recombination centers and the effect of screening are competing mechanisms

affecting the relaxation process. Qualitative agreement with some experimental

data lend support to the basic formulation of the theory and allows for some

predictions, e.g. the model predicts that for systems where carrier excitation

density is high enough (so that screening is important), the presence of

recombination centers is to reduce the decay constant of the luminescence,

most notoriously for low energies.

Finally, our analysis also shows that the time evolution of the hot

carrier "temperature " may not provide direct information about the energy

exchanged between the lattice and the hot carriers. The reason being tha^; T

is obtained in experiments by an average-fitting procedure which may hide

important effects of some mechanisms of relaxation. These effects are

combined with the "real" exchange rate contribution which cannot be extracted

directly by the time-evolution of the hot carrier "temperature".
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FIGURE CAPTIONS

Fig. la Time decay constant S{i) vs energy level (i) for two values of A,

the recombination center parameter. Unscreened case.

Fig. lb S(i) vs i curves for A = 0.50, 100 and 200. Screened case.

Fig. 2 Lifetime of level i = 0 vs z for A - 0 and A = 100.

Fig. 3a Time evolution of the electron temperature (unscreened).

Fig. 3b Time evolution of the electron temperature (screened).

Fig. 4a Time evolution of the effective (e-ph) frequency (unscreened case).

Fig. 4b Time evolution of the effective (e-ph) frequency (screened case).

Fig. 5a (dE/dt) . vs t (unscreened),
e-ph

Fig. 5b (dE/dt)e_ vs t (screened).

46.06 -

iaoo

140 250 4.20 5fiO 7.00 8.40 9.80 11.20 12.60
r,i (Energy)

Fig- la

-II-

- 1 2 -



30

20

2.80 4.20 5.60 7.00 8.40 9.80 1150 12J60

(Energy)

Fig. lb

66

60

57

51

45

39

33

O07 014 0.21 028 035 042 0.49 Q56 0S3

Fig. 2

- 1 3 -

-14 -



1.80

0.60

1.80

0.60 h

Screened

92.50 137.50 18250 227.50 92.50 13750 182.50 227.50

Fig. 3a
Fig. 3b

-15 -
-16-



0.18

0.15

12.00 36.00 60.00 84.00 108.00

0.21

0.18

0.15

12.00 36.00 60.00 84.00 10800 t

Fig . 4a

Fig . Ub

- 1 8 -

-17-



0.24

e-ph

0.19

0.13

0.08

0.03

- r\
7 \1 \
f X - 2 0 0 - . \

-

Unscreened

^ X = 0

K
A-0-^^V^^ i-200

12.00 36.00 6000 8400 108.00

Screened

12.00 36J00 6000 8400 108.00

Fig. 5a

Fig. 5b

- 2 0 -

-19-


