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Time-resolved luminescence studies in an-type Zn,_,Cd,Se/Zn§Seg _, quantum well
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The recombination processes in aitype Zn_,Cd,Se/Zn§Se _, quantum well are investigated by time-
resolved photoluminescence measurements. The combined analysis of the luminescence decay time and inten-
sity yields the temperature dependence of the radiative and nonradiative recombination time. The quantum
efficiency at a low temperaturd 8 K is close to unity and the nonradiative recombination rate increases as the
temperature is raised. The large effective radiative recombination coefficient a4 cm®s at 300 K is
attributed to excitonic enhancement, even at 300 K.

[. INTRODUCTION laser diodes, many studies have been devoted to the lasing
mechanism. Several authors have reported that the optical
ZnSe-based alloys are important materials for the fabricagain in Zn_,Cd,Se QW lasers arises from a recombination
tion of blue and green laser diodes. Recently, room-~ia localized excitonic staté€3? On the other hand, a
temperature(RT) continuous-wave operation of blue-green model based on free-carrier transitons was also
and blue lasers has been achieved, using &®roposed>** Furthermore, the very short device lifetime
Zn, ,Cd,Se/Zn§Se./Zn,Mg;_,S,/Se., single-quantum- [~1 h at RT(Ref. 35] means that nonradiative recombina-
well separate-confinement heterostructtfeSince the per- tion certainly plays a role at RT. Therefore, additional re-
formance of quantum-wellQW) lasers is governed by the search is requwgd in order tolunder_stand. the fact(_)rs that limit
radiative recombination process of carriers in quantum welfh® recombination mechanisms in this material and to
structures, a detailed study of such a process is highly desidchieve a clear understanding of the laser characteristics
able. Excitons play a major role in the optical properties ofvhen increasing the temperature up to RT. Time-resolved
QW's especially at low temperatures because of the increaglotoluminescencéPL) spectroscopy is a very powerful
of exciton binding energy and oscillator strength due to sizdechnique for the investigation of carrier dynamics in low-
quantization. For 1lI-V QW’s, the recombination kinetics of dimensional semlcggguctor structures. To our knowledge,
photoexcited carriers, especially in recent years, has beedly limited studied>*’ have reported direct measurements
extensively  studied both ~ experimentd§*  and of carrier lifetimes(7) in this syst_em near RT.
theoretically??~28 Free two-dimensional excitons in smooth [N this paper, we report the direct measurement a6 a
interfaces were theoretically predicted to have a long coherfunction of temperature im-type Zn_,Cd,Se/Zn§Se _,,
ence length and an enhanced radiative decay of the order ¥fhich is actually used in laser structures, with time-resolved
picosecond€®24Such short radiative lifetimes have been ob-Photoluminescence in the picosecond regime. We determine
tained in a single GaAs QW under resonant excitation. the radiative and nonradiative lifetimes , z,), the quantum
However, a large range of measured decay tifd€sps to 5 eff!c!ency(n)_, ar_1d eva_lluate the rad|at]ve recomb|nat|on.co—
ns were found even in the established GaAs@d, ,As efﬂ_mept, which is an important material parameter for light
QW systen’ 14 This large scatter is due to the participation €Mission and does not depend on material qua_llty_, and study
of excitons bound to inhomogeneities in the QW structurethe excitonic or band-to-band nature of the radiative recom-
These arguments are mainly based on the results of lowRination in this QW.
temperature experiments. From the application point of view,
the optical properties at higher temperature are more impor-
tant, since RT operation is essential for optoelectronic de-
vices. Recently it has been reported that an important nonra- The sample used in this work is a ZfCd,Se/Zn§Sg _,
diative mechanism was the thermal emission of the carriergquantum well grown by molecular-beam epitaxy o0l
out of the quantum well into the barrier in GaAs substrate at a temperature of 280 °C. The sample has
In,Ga _,As/GaAs;> ™  InGa _,As/GaAs/A|Ga_,As?® the following layer sequence: 1um of Cl-doped
and Galn,_,P/Al,Ga/ln,_,.,P (Ref. 2) QW’s. Thus, in the = Zn§, ;;5 o3 Was grown first, followed by 6 nm of Cl-doped
field of 11I-V QW’s, a comprehensive model of recombina- Zn, £d, ;Se and 92 nm of Cl-doped Zp§Se) o3 The con-
tion mechanism is being established now. finement energ\AE in the quantum well was 0.30 eV. All
Since the wide-gap II-VI QW's exhibit significantly larger three layers were doped under the same conditions. The dop-
exciton binding energies, compared to the smaller-band-gaimg concentration in the ZnSe __, barriers was 1.8 10Y
l1I-V QW structures and it has been discussed that excitotm 3. We supposed that the doping of the;Z&d,Se well
recombination might be important even in RT operation ofis the same.

II. EXPERIMENTAL PROCEDURE
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The sample was optically excited by a 200-fs pulse of a TABLE I. Symbols used in text.
frequency doubled Ti:sapphire laser, synchronously pumped :
by a mode-locked Af-ion laser at a repetition rate of 80 Symbol Meaning

MHz. The excitation energy was 3.18 eV. The average powey
used was typically 20 mW. The laser beam was focused ont Xf
the sample to a spot of roughly 5mx400 um. However,

the laser spot size is insufficient to get a precise value of the
carrier density, since we have to take into account the sp
profile, reflection at the surface, spectral hole burning, and so*
on. Therefore, we checked the excitation condition by vary-
ing the excitation power. We confirmed that lifetime is inde- Cr
pendent and the spectral line shape does not broaden with the
laser power from 3.uW to 30 mW at room temperature and Cx at traps f "
lower temperature. From these observations, we have con- ps for excitons

cluded that generated carrier density by laser pulse is small’ Trap den§|ty o
compared to doping and defect density, respectively. 7r,1= 1B Free-carrier radiative lifetime

Density of free excess carriers
Exciton density

Coefficient for radiative recombination
of free carriers

Coefficient for radiative recombination
of excitons

Coefficient describing the capturing
at traps for free carriers

Coefficient describing the capturing

The photoluminescence was dispersed by a 0.32-m spederf=HciN; Free-carrier nonradiative lifetime
trometer and detected by a two-dimensional streak camer&x~ /Bx Exciton radiative lifetime
with a spectral and temporal resolution of 4 nm and 10 ps7nrx=1/cxN; Exciton nonradiative lifetime
respectively. The experiments were carried out from 8 to 375r Effective radiative lifetime
K. Tor Effective nonradiative lifetime

Ill. RESULTS AND DISCUSSION . . .
In a system with only excitons, the rate equation can be

The first part of this section contains a theoretical descripwritten
tion of the recombination dynamics in large-band-gap II-VI

heterostructures. The models of recombination processes in dax CBAX—C.N-Ax )
QW'’s have been developed by several autfitrééwe fol- dt % XA
low these models and write them down for a clarification. o i
Then we present the experimental results and discuss them f{1en. & similar solution,
detail.
Sincen-type material is investigated in this paper, a high Ax(t)=Ax(0)exp(—t/my), @)
concentration of free carriers is expected in this system. Buk obtained, where
the presence of excitons up to our highest temperature of 375
K has also to be taken into account, since the exciton binding 1 1 1
energy is comparable with thermal energy at 300 K in [I-VI —=—_—% ) 8

heterostructures. As mentioned earlier, it is reasonable for
our case to assume the low injection condition for the case of

n-type material(i.e., ng>An,Ap,p,y), whereng (pg) is the T x:i, (9
equilibrium concentration of majoritgminority) carriers and " By
An (Ap) is the excess carrier concentration.
First, we look at a system with only free carriers. The - :L (10)
recombination after excitation pulse is described by X e Ny
dAng In a system with both excitons and free carriers, the terms
gt~ BnoAn—ciNsAng. (D) of exciton formation and dissociation rates have to be taken

) ] ] into account both in Eq(1l) and Eq.(6). However, these
The parameters used in the text are defined in Table I. Thgyyms can be eliminated by combining E@) and Eq.(6):
solutions forAn;(t) can be written as

d(An;+AXx
Any(t) = Ang(O)exp( ~ t/ ), @ LA pnean-BAx-oNAn - 6N Ax

where (11
1 1 1 We assume quasiequilibrium between excitons and free
;_H’L Tt 3 carriers, since formation and dissociation of excitons are

' ’ much faster than recombination. Therefore the rAt@An;

1 can be described as a function of temperature:
Tr’f:_y (4)
o ax =K(T 12
1 An, - (T). (12

Toarf= <~ N - (5 . .
ciNy Using Eq.(12), Eq. (11) can be rewritten as
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dAng —_ 10000 ey
T = - BeffnoA nf_ CeﬁNJA nf . (13) .“2
S
We describe effective coefficients for radiative recombina- 5 1000 L
tion (B.y) and nonradiative recombinatido.g) as '%
B+B,K(T)/n
eﬁ:#)or (14) ? 100 |
1+K(T) 2
2
ci+c,K(T) =
= X7 10}
Cell™ 13 K(T) " a9 =
respectively. Equationil4) shows that radiative recombina- .

tion in a system with excitons and free carriers is larger than 0 200 400 600 800 1000 1200 1400
in a system with only free carriers. The time-dependent car-

rier density is Time  (ps)
n(t)=ng+An{(0)exp —t/7), (16) FIG. 1. Typical PL decay curves at three different temperatures
. on the same scale. The curves are vertically shifted and shown on a
with logarithmic scale.
E: £+ i (17) The quantum efficiency is expressed in terms of radiative
T T T and nonradiative recombination lifetimes. The internal quan-
tum efficiency» can be written as
1
T = , (18) 1/ U7,
" Beilo p=——— == (22)
Ur+Ur,, U 7,
T = 1 . (19) Once we known at any temperature, we can determine
CeftNy CP, from Eqgs.(21) and(22). We can therefore extract both

o ) o the radiative and nonradiative recombination times for other
If the excitation pulse is shorter than the lifetime and theiemperatures, as follows:
exciton formation time is faster than the excitation pulse, the
carrier densityAn;(0) at the end of the excitation pulse is CPgy

proportional to the excitation powd,,. (=17 T (23
Ang(0) P (20)
#(0)~ : - -
1+K(T) (D= 1 T (24)

It is well known that the luminescence intensity on a shortthe two limits of Eq.(22) are case 1K(T)—w, yielding
time scalel (t) is proportional to the radiative recombination

rate® So, the total luminescence intensity for both band-to- Uz, «
band and exciton emission is determined by T U A (25)

I(t)~BngAng(t)+B,Ax(t) and case 2K(T)—0, yielding
=Beino[ 1+ K(T)]An¢(0O)exp —t/7)
=|gexp(—t/7), (21

wherel , (=CP./7) is the initial luminescence intensity and
C is a normalization factor, which includes the efficiency of
the relaxation processes, from the photoexcited states to the
recombination states. We assume tB@atioes not depend on
temperature.

From Egs.(16) and(21), An; and luminescence intensity
decay exponentially, and the initial luminescence interigjty
is proportional toP,, under our experimental condition
(Ans<tng). A set of decay curves from the time-resolved PL 102
measurements are shown in Fig. 1 for different temperatures. 1 10 100
Figure 2 shows the dependence of the initial PL intensity on Excitation Power (mW)

the excitation power. These results are consistent with Eq.
(21). FIG. 2. PL intensity as a function of the excitation power.

104

103

PL Intensity (arb. units)
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These two cases represent purely excitonic recombination FIG. 4. Quantum efficiency as a function of temperature. Open

and classical free-carrier recombination, respectively. circles and closed circles are deduced from carrier lifet[i&g.
Another way to analyze the quantum efficiency is to use22)] and from time-integrated PL intensifiq. (28)], respectively.

the time-integrated PL intensify;(T)]. If the time-resolved o o o

PL intensity exhibits a monoexponentia| deC&Mt(T) is Due to the small contribution t@ It Is not surprising that the

given by values ofr, scatter forT<<100 K.

When determining the temperature dependence,ofit

7(T)CPey is helpful to measure above 300 K, since the nonradiative
lin(T) = 7(T)1o(T) = ™M =CPyun(T). (270  process is dominant at high temperature and the temperature
' dependence of represents that af,, itself. As seen in Fig. 3,

Once we know the value of at 8 K, 7(T) can be estimated 7 decreases witlT at very hig_h temperatures. In general, .
there are several deep levels in semiconductors. However, it

b
Y would happen that one kind of deep level whose concentra-
ling(T) tion is high and which has the large capture cross section for
n(T)= 8K 7(8 K). (28 minority carriers largely affects the recombination process
int

and only this level affects lifetime explicitly in the tempera-

. . . . . ture range of the measurement. It is thought to be sufficient
The combined analysis of the PL decay time and intensit 0 assume a single deep level in our sample, since the PL

is a standard me'th'od for dgtermining the recombination tim%ecay curves do not show multicomponent behavior. If there
a_md quantum eff_lc!enci?. It is worth noting that t_f‘?se rela- is one predominant nonradiative process, the temperature de-
tions are correct if it can be assumed that the efficiency of thEendence ofr. for T<300 K would also show a similar
1 1 nr

carrier rela(t)xatlon processes does not depend o ehavior aff >300 K, i.e., a monotonous decrease, which we
temperaturé? t for n(8 K1—1

Now we present our experimental results. The temperage or 7t )-_ ' . L .

' Next we discuss the mechanism of nonradiative recombi-

tl::e depegdenc_vtehol‘ the PL Sleca_y tlrEe IS shovl\:/_n In Fl'g' 3d' Th ation. The nonradiative lifetime due to trapping at interface
change ofl;,; with temperature is shown in Fig. &lose states can be written as

circles. At low temperature$T <60 K), 7andl;,, are almost

constant. The drop of the PL intensity at higher temperatures 10
clearly indicates that nonradiative recombination becomes

the dominant process.

We now separate the contribution gf and 7,, from the 104 L
total lifetime 7. We get the relative temperature dependence
of 7, from the PL intensity on a ps scdlEq. (23)]. However,
the quantum efficiency for at least one temperature is needed e 105 | 3
to get the absolute value af . Therefore,7, is obtained o
under three assumptions for the quantum efficiency at 8 K: e
7(8 K)=1, 0.8, and 0.6. Later it will be shown thaf(8 5
K)=1 is the correct value. We will get,, from rand 7, with 10 1 10 100 1000
the use of Eq(24). The data forr, and 7, are depicted in
Fig. 5 and Fig. 6, respectively. rNote tnk;at the temperature Temperature (K)
dependence of; is similar for all values ofy. In contrast, FIG. 5. Temperature dependence of the radiative recombination
the behavior ofr, is very sensitive tay: we get adecreasing time. The three different symbols correspond to different assump-
nonradiative recombination lifetime with increasimgf we tions for values of the radiative efficiency at 8 K, nameh(8
assumen(8 K)=1. The values ofr,(T) areconstantor in- K)=1.0 (closed circle} 0.8 (open circley and 0.6(squares It is
creasewith T, if we assumey(8 K)=0.8 or 0.6, respectively. shown in the text thap=1 is the correct value.
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104 concluded that the surface recombination and/or Shockley-
Read recombination via interface states are the main nonra-
. diative decay channels in GaAs{8a, _,As QW's. Michler
. . et al?! suggested the importance of thermal emissions of
carriers out of Ggn,_,P/Al,Galn,.,,P QW’'s and have
° 0 o o et shown the activation enerdy, may be equal to half of the
o ° 7 total confinement energXE of the electron and hole in the
° low-injection case. Some reports on ZiCd,.Se QW's
(Refs. 40—42 conclude that the temperature dependence of
102 . . PL intensity is described by thermal activation of carriers out
1 10 100 1000 of the well, since the order of the activation energies is com-
Temperature (K) parable to the barrier heights. However, since our activation
energy of nonradiative lifetime is much smaller th&g, our

FIG. 6. Temperature dependence of the nonradiative recombina}:’ase should not be attributed to thermal emission out of the
tion time. The three different symbols correspond to the assump-

tions of 7(8 K)=1.0 (closed circles 0.8 (open circley and 0.6 \t/)veItIhThls :Cherg}aldemlssmrrll proclgss frorlr|1\t/f|1e Wﬁ"émgr:t r:rc])t
(squares It is shown in the text thay=1 is the correct value. € Ine prelerable decay channel in our fl-Vi wells due to the
large confinement energy. The considerations above indicate

Toar (PS)
3

d d that nonradiative recombination can be described by
;== (299  Shockley-Read-Hall statics and, moreover, thas 1.0 at 8
n"o2s —E /kT)viNg' 43
X —Eq/kT)vyNs K. Just recently Massat al.”” found three deep levels and

where d is the active layer thickness is the interfacial observed deep-level luminescence in iodine-doped ZnSe
recombination velocityg., is the capture cross section at an from PL decay measurements. However, we did not see any
infinite temperature,E, is the activation energyw, deep-level luminescence from 500 to 700 nm and the activa-

= BKT/m* is the thermal velocity(m* is the effective tion energy we dgduced does not correspond to any level
mass, andN, is the planar density of recombination centers.tN€y observed. This suggests that our sample has a different

If nonradiative recombination occurs in the well, we expecttyp? of trap. 101 op?
the lifetime to vary as If we assume a capture cross section) of 10" cnr,

we can estimateN; and Ng to be 1.4<10'° cm 2 and

1 4.3x10° cm™2, respectively. From our data, we cannot deter-
=5 exp —E,/KT)ugN7’ (30 mine_ if the process occurs'in the bulk or at the interface. A

* detailed study of the well thickness dependence will allow us
where Nt is the concentration of defect centers. In bothto determine which nonradiative recombination mechanism
cases, we expect the nonradiative process is a thermally aapplies.
tivated process. Figure 7 shows the Arrhenius p|0’i’nQTl/2 Next we will discuss the results obtained for. Looking
for the cases off(T=8 K)=1.0,0.8. Extracted;, for {T=8  at our results in Fig. 5, it is interesting to note that the radia-
K)=1.0 gives the best fit to the straight line whose activatiortive lifetimes are nearly independent of temperature at low
energyE, is 11 meV. temperature$T <60 K). This behavior might be attributed to

We now compare our results with previous studies. Twathe effect of localized excitons with a temperature-
explanations have been proposed for the drop in the PL lifeindependent transition probabilit§,since our sample has a
time at high temperatures in I11-V QWs. Pickin and Dafid  Cl-doped alloy well. As temperature increases, the slope of
7. increases continuously. Hangleftestudied the effect of
the Coulomb interaction of electrons and holes in a two-
dimensional semiconductor and proposed a model for the
temperature dependence of the radiative recombination time
in QW. According to this model, we expect to be propor-
tional to T in quantum wells for only excitons or for only
10% free carriers. In the transition region from a purely excitonic
system to only a free carrier system, excitonic bound states
become ionized and the radiative lifetime increases rapidly
with increasingT, since free carriers have a longer lifetime
104 3 + than excitons. In this transition temperature range, the slope

of 7(T) is expected to be much larger than unity. As a

whole, 7, is expected to show a8-shaped temperature de-
pendence from pure excitonic states to pure free-carrier-like

Thr

108

( ps K1/2)

T TI/Z
r

10° . . . . . states in the IfGa,_,As QW systent> However, this is not
0 0.002 0.004 0.006 0.008 0.01 0.012 the case for our sample. The continuous increase of the slope
UT (K of 7, over 300 K suggests that both excitons and free carriers

are present even at 300 K.
Using ng of 1.2x10'" cm ™3, we derive a value for thB
FIG. 7. Arrhenius plot ofr, T¥2 for 7(8 K)=1.0 (closed circles  coefficient of 1.410 ° cm®/s at 300 K. For band-to-band
and 0.8(open circley respectively. radiative process in 4nCd Se quantum wells, numerical
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TABLE Il. Parameters used in the calculation. petition between the monomolecular radiative and nonradia-
tive recombination process, while the bimolecular radiative
Zny Cdy sSe process will overcome the monomolecular process in the
high excitation regime. Then the quantum efficiency ap-

Band ga 2.334 &V ) ) . )
Transigtgiog ener 241 dv proaches unity. At the threshold carrier density for lasing, the
Spin-orbit s Iitti?wy 0;13 ¥ quantum efficiency is estimated to be 90%. About a 10%
EfF')f - P ]? | '01 a increase in threshold current is expected compared to the
ect!ve mass of electron . BTb ideal material.

Effective mass of heavy hole 0.555°
Effective mass of light hole 0.14m,° V. CONCLUSION
Refractive index 3.043 '

We have studied the recombination mechanisms of the
[Reference 44. n-type Zn.CdSe/ZngSe , quantum well by time-
CMeasured value. resolved photoluminescence measurements. The strong tem-
Reference 45. perature dependence of the PL decay time and intensity were

. ) 10 observed. Using these data, the temperature dependence of
calculatiori gives B=1.75<10"*° cm’s. The parameters . (T) andr(T) is determined in the Zn,Cd,.Se QW sys-
used in the calculation are listed in Table II. This value is ongep, These results suggest that excitonic radiative recombi-
order of magnitude smaller than our experimental value of,ation governs the carrier decay at low temperatire80
Beyr- This discrepancy can be also interpreted as strong eX) and the quantum efficiency at a low temperatuiré & is
citonic enhancement of radiative recombination in two-cjose to unity. Nonradiative recombination processes become
dimensional semiconductors even at room temperature. Wgominant as the temperature is raised. Thermally activated
expect stronger excitonic enhancement of radiative recombignradiative recombination processes reduce the lumines-
nation in our material than in materials with small exciton cance quantum efficiency to 14% at 300 K. This valueyof
binding energy such as GaAs or,&e, _As. . indicates that the quality of the active region of the 1I-VI
_ Finally, we compare the results of(T) from time- |aser could be improved further. Furthermore, the low acti-
integrated PL intensityEq. (28)] with the results of®(T)  yation energy of the nonradiative channel suggests that the
from 7. and 7, [Eq. (22)]. Both dependences are found to be thermal emission out of the well into the barrier is less im-
in good agreement, as shown in Fig. 4. The quantum effiportant in our sample, unlike previous repdts*2 From the
ciency 7 at 300 K is about 14%. Note that this value is gevice point of view, this result is favorable since it demon-
extracted in the low excitation regime. The lasing will occur sirates that the reduction of the quantum efficiency due to the
at high%r czirsrif?r density, which is estimated to be abouthermal emission can be avoided by employing the large
8.3x10'® cm>*' This value is just below the exciton phase- confinement energy. The effective radiative recombination
space filling density at which the exciton phase becomeggefficient, which is an important material parameter for de-
unstable with respect to an electron-hole plasma and which igice modeling and device improvement, is determined as
estimated to be 1lfag)~5.7x10"* cm™? (ag is the Bohr 1 4x1079 cm¥s at 300 K. We would like to emphasize that
rad_igS of the excitons in Zn$ecorresponding to 9810  the strong radiative recombination rate in a,Z@d,Se
cm ~ in the 6-nm quantum wells considered here. Furtheryyantum-well system is attributed to excitonic enhancement,
more, Hangleiter showed that even at room temperature anglen at 300 K. High radiative recombination at 300 K is

for the exciton phase-space filling density, the two-particlepreferable for high efficiency of light-emitting devices.
correlation effects were expected to be significant even in the

In,Ga,_,As QW systent® So excitonic enhancement might ACKNOWLEDGMENTS

still play a role in lasing in II-VI QW lasers even at room

temperature, unlike the case of llI-V lasers. In the low exci- The authors thank Professor H. J. Queisser and W. W.
tation regime, the quantum efficiency is limited by the com-Ruhle for many valuable discussions.
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