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Impact of recombination centers on the spontaneous emission of semiconductors
under steady-state and transient conditions
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We show that recombination centers may affect the spontaneous emission of semiconductors in a different
way depending on whether steady-state or transient conditions are established. This asymmetry is an inherent
property of recombination centers. Recent publications concerned with this subject have, deliberately or not,
ignored the asymmetry between these conditions, and have treated these physically distinct situations as being
equivalent. Such a presumption may result in orders-of-magnitude errors when analyzing experimental data.
Furthermore, the threshold of stimulated emission is not a unique property of the material under investigation,
but is strongly dependent on the experimental conditions empl¢$€1.63-18206)52632-9

Recombination of carriers in semiconductors takes placéemperaturé.In the following, we thus consider not only
in general via several parallel recombination chanhd@s-  free-carrier and defect-mediated recombination, but also in-
sides the radiative decay of carriers at or close to the bandude excitons, following Ref. 5.
edge, additional and often nonradiative channels are created Consider a semiconductor which is characterized by a
by inevitable defects. Experimentally, this complex interplayband-gap energ§,, an exciton binding energk,, coeffi-
of recombination processes is most frequently investigatedients for absorptiolie) and radiative recombinatiof®,) of
by exciting the semiconductor via either cw or pulsed opticalight at an energyiw=E,, an exciton radiative decay rate
pumping, and by subsequently studying the changes in emisy,, a dark electron concentration,>p,, and a concentra-
sion induced by varying the intensity of the pufmhe tion of recombination centend,. These recombination cen-
analysis of the experimental data, which is intended to unters are in turn characterized by coefficientsandb, for the
ravel the individual contributions of the participating recom- capture of electrons and holes, respectively. Exciting this
bination channels, is, however, often done on an intuitivesemiconductor by an optical pump wihw=Eg, generates
basis rather than by a physically motivated formalism. Inan excess electrofdn) and hole(Ap) density at a rates.
recent studies, for example, either intrifsiz extrinsié re-  Neglecting carrier diffusion and photon recycling, the tem-
combination has been neglected altogether. In previous workoral evolution of the concentration of electrons, holes, ex-
by Brandtet al,® one of the present authors, an attempt hasitons, and recombination centers, is then governed by the
been made to treat intrinsic recombination, including freefollowing coupled set of differential equations:
carriers and excitons, on an equal footing with extrinsic re-
combination via recombination centers: These centers, how- n'=G-b,Ap(nyg+An)—f,Ap(ny+An)
ever, were assumed to be saturated, allowing them to be N
described by a linearized rate with a single capture constant. A= by (o +An), @
In this work, we refrain from this approximation.

We study theoretically the impact of Shockley-Read-Hallp’=G—b,Ap(ny+An)—f,Ap(ng+An) +dyn,—bpnpAp,

(SRH recombination centers on the spontaneous emission of (2
semiconductors under both steady-state and transient condi-
tions. The physical asymmetry between these conditions is ny=f,Ap(ng+An)—d,n,— yyny, 3
demonstrated. In contrast to other works, we thus do not treat
steady-state and transient conditions as being equivalent, but n'' =—b,n (ng+An)+ bpn?A p, 4

distinguish them as being inherently different. Neglecting
this asymmetry may result in a several-orders-of-magnitude&heren andp denote the total concentration of electrons and
error when analyzing experimental data. holes withn=ny+An and p=Ap, respectively,n, is the

For relating our study to materials of practical impor- concentration of excitons);” andn? are the concentration
tance, consider the large band-gap semiconductors ZnSe antl empty and filled recombination centers, respectively,
GaN, both of which are currently in the focus of interest aswheren; +n?=N,, and f, andd, are the formation and
candidates for lasers in the blue and UV spectral rangedissociation rates of excitons.
These semiconductors are plagued by a high density of de- For steady-state conditions, Eqd)—(4) are, by defini-
fects, and are thus excellent examples of materials for whickion, equal to zero. It follows that the terms describing elec-
our considerations are relevant. Simultaneously, these sentron and hole capture in Eq§l) and (2), respectively, are
conductors exhibit an exciton binding energy high enougtequal, resulting in identical equations for electrons and holes.
for excitons being stable up to room temperature. The sporAssuming now that both exciton formation and dissociation
taneous, and even the stimulated, emission from these matare rapid enough to satisfi,Ap(ng+An)=d,n,>vy ,n,,
rials is thought to arise from the excitonic state up to roomi.e., the radiative decay rate of excitons is supposed to be
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very much smaller than the rates associated to these

processe$,we can summarize Eq$l)—(4) into one equa- 102 1o
tion:
101 1ot
brbpNi(ng+An) 3 ol
G—BAp(n0+An)+bn(n0+An)+prpAp—0. (5) ig _1014§
= o o 3
The third term of this equation is the classical SRH ex- =t
pression for the recombination rate of carriers at recombina- {1012
tion centers. The effective radiative recombination coeffi- 108l
cient B=b,+o0y,y,, Where o,=fJ/d, is the scattering R T jron
volume for free carriers into the exciton state, contains both 107 100 101 102
free-carrier and exciton recombinatidif.the exciton state is f;p (Wiom?)

spectrally not distinct from free-carrier transitions, as as-

sumed in this work, excitons do only increase the net radia- FIG. 1. Steady-state radiative intensity as a function of incident
tive recombination rate, and are thus indistinguishable fronintensity for various different values of the recombination param-
free-carrier recombination since the individual contributionseters. Note that the excess carrier concentration given on the right
are not knowre priori. Note that this approximation breaks axis is valid for curvel only.

down as soon as the rate of radiative decay of the exciton

becomes comparable to its formation and dissociation ratesaturatior?. Particularly interesting in this respect are the
i.e., at low temperaturés. curves labeledla andllb. Saturation is evidently delayed

Equation(5) contains bothAp andAn and is thus under- with increasing background doping density, i.e., with de-
determined. Previous investigators hadkehocassumed that creasing monomolecular radiative lifetime. This finding may
An=Ap, which, however, is valid for purely radiative re- be understood by considering that the superlinear region is
combination only for which the neutrality condition guaran- not related to the characteristics of the SRH centers alone,
tees equal electron and hole concentratiohsthe case of but involves the competition of bimolecular recombination
nonvanishing SRH recombination the neutrality conditionwith the combined monomolecular radiative and SRH terms.
reads Finally, curvesllla andlllb show that the rate of electron

capture determines the intensity for which saturation occurs,
An+ng=Ap+nj+n/, (6)  while curveslVa and Vb evidence that the rate of hole
capture defines the small-signal quantum efficiency and thus
the abruptness of saturation.

For transient conditions, previous investigators have once
é{gain assumed validity of E@5) derived above for steady-
state ccangcigtions together with the presumption that
) . An=Ap.>*** This simplification, while being a reasonable
Equations(5) and(6) form a coupled system of equations approxliamation for stegdy-state conditions 31 the limit of a

of leffgqnve:y f'f(tjh ordler_ mIAfn (Aplzl and may tlhus rr]‘_Ot b€ small concentration of recombination centers, may lead to
solved in closed ana ytlcg orm. Here, we solve this ?qpa'grossly erroneous results for transient conditions even in this
tion system numerically in order to simulate the radiative

) 1 of . ; . £ th limit. The physical origin of this asymmetry lies in the fact
Intensity 1, of spontaneous emission as a function of ey, ihe detailed balance between electron and hole capture is
generation ratéor, equivalently, the intensity of the incident

? N . : never, in principle, strictly fulfiled under transient condi-
l('sg)h;rl]g(_e()ﬁ;’sela) which follows from the solution of Egs. tions, but is at most approximately fulfilled for special cases

wherenf is the concentration of ionized donors which is
equal tong. It is seen that, in generaAn#Ap, and the
assumption of equal electron and hole concentrations is onl
justified in the limit of a vanishing concentration of recom-
bination centers.

_ TABLE |. Parameters used for the simulations. The rows are
Ir—(Eg/a)BAp(noJrAn). @) numbered with roman numerals corresponding to the simulations

Figure 1 shows selected examples of these simulation§h°.Wn n Fig. 1. The values pr'm.ed n italic are those .Wh'Ch.are
Varied with respect to the values given in row I. For the simulations

assuming values for the relevant parameters as given iy, A h S have b q
Table I. The most important feature which all of these plotss own in Fig. 2, the parameters given in row | have been used. In
h o is th " . t the radiati all cases, we have assumeaeF10° cm™%, B=3x10"%° cm?s, fiw
ave in common is the superlinear increase of the radiative 3 5 o\ ‘= 3.4 ev, andN,=2x 10" cm 2.

rate with excitation density at a certain value. This value is ta

bel identified with the satqration of Fhe _SRH centers. As ifc is N (cm™3) b, (cm/s) b, (cn?ls)
evident from the plots displayed in Fig. 1, the saturation

depends sensitively on the specific parameters of the partici- 1.5x10'® 3x10 1 3x10°8
pating recombination channels. In any case, the carrier denta 1.5x10'° 3x10 1 3x10°8
sity required for saturating the SRH centers is well belowlib 1.5x10Y 3x10713 3x1078
their actual concentratiofmote that the right axis of Fig. 1is Illa 1.5x10'8 3x10°1? 3x10°8
valid for curvel only). This finding results from the dynamic |1ib 1.5x10% 3x10° 1 3x10°8
equilibrium between the fast hole and the slow electron caprva 1.5x10'® 3x10713 3x1077
ture enforced by steady-state conditions, predicting, to firstyp 1.5x10'8 3x10713 3x107°

order, a carrier density of(b,/b,)N; for achieving
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FIG. 2. Transient radiative intensity after excitation with a ps
pulse having a fluence between 7 and@cnt, as indicated by the
numbers labeling the transients. Note the sudden increase of tl
decay time between 9 and d/cn?, and the nonexponential slope
of the initial decay at the highest fluence.

FIG. 3. Radiative fluencdleft) and peak radiative intensity
rhaight) as a function of incident fluence. The top axis gives the
nominal excess carrier concentration created by the ps pulse.

and certain conditions. For the case of perfect recombinatiofable I. In order not to overly complicate matters, we have
centers(i.e., if b,=by), for instance, this approximation set the excitonic contribution to zero. The shape of the tran-
holds for high excitation conditions, but fails for low excita- sients in Fig. 2 visualizes the evolution of the effective life-

tion. In general, however, the center is not a perfect recomtime from small-signal to large-signal excitation. The nonex-
bination center, but tends to preferentially capture one of th@onential slope of the initial decay at the highest incident
two available carrier types, and has thus a more or less prdlugnce stems from the participation of bimolecular recombi-
nounced character of a trap. nation.

These considerations lead to the obvious conclusion that, In Fig. 3, we display the peak radiative intensity and
generally, Eqs(1)—(4) cannot be reduced further for tran- the radiative fluencé=, (obtained by integrating the tran-
sient conditions. We may, if we like, still hold on to the sients over timpas a function ofF;,. Whereas the former
approximation concerning the participation of excitons in theexhibits a superlinear increase wi,, which results from
recombination proce$swhich results in the following set of the increasing contribution of bimolecular recombination at

equations these high carrier densities, the latter is characterized by a
linear dependence at both small and large value$ pf
An'={G(t)—BAp(ny+An)— bnnj(no+An) joined by a superlinear increaseRgt=15 wllent. This be-
havior resembles that found for steady-state conditions, for
—oy(Ng+An)[byn{" (ng+An) which it has been identified as being due to the saturation of

SRH centers. However, this saturation occurs at an excess
carrier density of X10™ cm™3 (cf. curvel in Fig. 1), while
. N it takes a much(four orders of magnitudehigher carrier
Ap'={G(t)=BAp(ng+An)—bp(N;—n;)Ap density for transient conditions. Indeed, while the mecha-
_ + nisms responsible for this phenomenon are similar, they are
oxAP[BN (N +AN) not identical. Unlike steady-state conditions, where satura-

—by(N—nH)ApPIH[1+ oy (ng+An+Ap)], (8)

—by(N—n)APIH[1+ oy(Ng+An+Ap)], (9)

An{'==bn (ng+An)+by(N;.—n)Ap, (10

which is more tractable for physical interpretation when
compared to Eq9.1)—(4), and is more easily integrated nu-
merically. The neutrality conditiofEq. (6)] determines the
boundary condition for these differential equations. Note that
the participation of excitons is included effectively via the
parameterd and oy, and thus, unlike the case of steady-
state conditions, excitons are now distinguishable from free-
carrier recombination ag, comes into play explicitly.

In the following, we display the radiative intensity of 1
spontaneous emissi¢kq. (7)] obtained from the solution of F, (u/ome)
Egs.(8)—(10).!! Figure 2 shows the transient behaviorlpf
upon excitation with a ps pulse for values of the incident F|G. 4. Apparent and actual radiative lifetime obtained by di-
fluenceF,=fiwGAt/a, whereAt is the width of the Gauss- viding the incident fluence by the peak radiative intensity with

ian pulse, between=7 and =46 pJ/cnf. The parameters (solid line) and without(dashed lingthe participation of SRH cen-
assumed for these simulations are given in the first row ofers, respectively.

T (ns)

4

10
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tion occurs prematurely with respect to the actual concentra-owever, when performing the same analysis with a pulse of
tion or recombination centers thanks to the slow electroril ns width, the differential quantum efficien@yhich then is
capture, the centers have to be actuéillgd with holes for ~ strongly depending or\p) reaches a value of only 0.07 at
transient conditions. One thus needs a carrier density in exthe highest incident fluence. It is seen that the internal quan-
cess ofN, for approaching an internal quantum efficiency of tum efficiency is a quantity which lacks universal meaning in
unity. that it strongly depends on the experimental conditions em-

However, the most relevant quantity for defining a quan-Ployed for measuring it. The seemingly different quantum
tum efficiency under transient conditions is rgt, but 1 P efficiencies discussed here are, however, reconciled when

As I P is determined by the peak carrier density, it is relatedinderstanding the quantum efficiency as the instantaneous

to the threshold for stimulated emission. In fact, if the pulsefraCtlon of carriers available for radiative decay. .
To conclude, the different mechanisms of the saturation

would be aéd function, the ratio of;, and! P would directly ; ”
e T of SRH centers for steady-state and transient conditions have
Zogfc?v?/gnt?li? :gtei!c;tahdéa«t’sllve ;IIEEFTT .aZhg ?Sggtiltl)nne cI)?FI.:'g' important consequences for the understanding of recombina-
whereas the dashed Iineps%ows trhe actual valu fmhil(r:]r’m tion processes. Acknowledging this asymmetry is necessary
e ffor a correct analysis of experimental data. It is, furthermore,

grSHO?etigrﬁgirllgtitgr? ?r?]rg%gyl?%ixtg?ggetgg C%?cgﬁgtglsoegear that experiments concerned with stimulated emission
) re best made under cw excitation, if possible, and otherwise

by the carrier loss to the SRH centers at the onset of carrier . . L o

decay. This loss is, to first order, described by a constanwIth ;hort (pS) _p_ulses of high repetition rate for achieving
. : o : : uasi-cw conditions.

differential quantum efficiency which may be written as
PF=1-At/(At+ 7,), wherer,=(b,Ny) ™, and is thus deter- We are indebted to Robert Klann and JochenliNVauser

mined predominantly by the pulse widthAt<r,. For the  for discussions and encouragement. Furthermore, we thank

pulse width of 1 ps assumed in this papef=0.75, thus  G. Jungk for a critical reading of the manuscript and valuable

affecting the threshold of stimulated emission only slightly.comments.
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