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The Auger and radiative combination carrier lifetimes in HgCdTe bulk and quantum-well 
structures, with band gaps in the wavelength range 2-5 pm, are calculated. The Auger 
recombination rate in a HgCdTe quantum well (QW) is shown to be significantly smaller 
than that in bulk material. Threshold current densities of HgCdTe double-heterostructure 
(DH) and multiquantum-well (MQW) lasers are calculated. In a HgCdTe DH laser, Auger 
recombination dominates the carrier loss at threshold. In a HgCdTe MQW laser, on 
the other hand, radiative recombination dominates the carrier loss. MQW lasers shown 
improved temperature performance over conventional DH lasers. 

I. INTRODUCTION 

There has been increasing interest in developing semi- 
conductor lasers that operate in the 2-5 pm wavelength 
range. It2 These lasers have found application in high-reso- 
lution gas spectroscope, air-pollution monitoring, and in- 
frared heterodyne detection.’ They have potential applica- 
tions in communication systems utilizing fluoride glass 
fibers,3 which have minimal losses in the 2-4 pm wave- 
length region. The intrinsic losses in glass fibers arise from 
Rayleigh scattering, which decreases as l/A4 as the wave- 
length increases.4 With highly developed fluoride glass fi- 
bers the transmission losses in a communication system 
can be substantially reduced, and efficient lasers operating 
in this wavelength range would be required. 

Narrow-gap III-V semiconductor systems, such as 
InGaAsSb/AlGaAsSb, InAsPSb/GaSb, and InAsPSb/ 
InAs are the candidates for lasers operating in this wave- 
length range and, indeed, lasing at low temperatures has 
been observed in these materials. There has also been 
progress in growing lasers of materials with a certain de- 
gree of lattice mismatch, such as InAsSb/GaSb.5 However, 
the fact that the index of reflection of GaSb is larger than 
that of InAsSb makes it impossible to realize optimal de- 
sign in these lasers. The steep increase of threshold current 
with temperature in these III-V lasers indicates that the 
dominant carrier losses are due to Auger recombination; 
improvement is not likely with the use of novel configura- 
tions, such as quantum-well structures.6 It is known that 
for lasers in which Auger recombination dominates the 
carrier losses, the threshold current for achieving lasing 
increases and the internal quantum efficiency decreases so 
rapidly with temperature that they cannot lase at relatively 
high temperatures. 

Another candidate material for lasers in this wave- 
length range is HgCdTe. However, it also exhibits a large 
Auger recombination carrier loss. Indeed, lasing is 
achieved in HgCdTe lasers only at temperatures much 
lower than room temperature with optical pumping.377 On 
the other hand, the lattice mismatch between HgTe is well 
and CdTe is as small as 0.3%, so that HgCdTe is well- 
lattice-matched to CdTe for a large range of Hg composi- 

tion. Moreover, recent advances in growing HgCdTe quan- 
tum-well structures’ opens the possibility of making 
HgCdTe quantum-well lasers,g which are expected to have 
reduced Auger recombination loss and may be operated in 
room temperature with current injection. 

In Sets. II and III we calculate and compare the Auger 
recombination lifetimes and radiation recombination life- 
times in HgCdTe bulk and quantum-well structures. In 
Sec. IV we compare the threshold currents in HgCdTe 
double heterostructure (DH) and multiquantum-well 
(MQW) lasers. 

II. AUGER RECOMBINATION 

A. CCCH Auger recombination in bulk material 

Band-to-band Auger recombination in narrow-gap 
HgCdTe is dominated by the CCCH process,‘“*‘l in which, 
as shown in Fig. 1, a conduction-band electron 1 (C) re- 
combines with a heavy hole 1’ (H) and excites an electron 
2 (C) to the state 2’ (C)of higher energy. 

FIG. 1. The CCCH Auger process. 
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The CCCH Auger recombination rate R 
(cm - 3 set - 1) isl2,13 

&,=;( $1 3 j- j- j- j- d3k,d3k2d3k,ld3k,t IM., 1 2P 

x ( 1,1’,2,2’)S(kI + ka - k,t - kr)S(Ej- I$), 
(1) 

where the k’s are carrier wavevectors, Ei and Ef are the 
initial and final energies of the process, respectively, and 

Ei-I$=E(l’) +B(2’) -E(l) -E(2). (2) 

Neglecting exchange terms, the matrix element is 
2 

p&12=4 c:f$ 21(k2,:g;+A2 , 
( ) 

t , 
(3) 

where 4, e, and ;1. are the electron charge, dielectric con- 
stant, and screening factor, respectively, and 1 Fiil 2 are the 
overlap functions.14 The quantity P( 1,1’,2,2’), taking the 
reverse process of CCCH Auger recombination into ac- 
count also, represents the occupation probabilities. Assum- 
ing that the electron and hole distributions f, and fP can be 
expressed as Fermi distributions, with electron and hole 
equilibrium Fermi levels F, and Fp, respectively, we have 

- 11 --fn(k,~l[l --.t-,&)I 
X r. 1 -fJW If,(b) 

-Cl - expl - (F, - F,)~b~13.f,&) 
Xf,(Wf,(W [ 1 -f,&> I, 

(4) 
where kB is the Boltzmann constant and T is the temper- 
ature. Since the energy of the excited electron is sufficiently 
high so that E2t - F,)kT, f,(k,.) in (4) can be taken as 
zero. When P( 1,1’,2,2’) is positive the Auger recombina- 
tion process dominates, whereas when P( 1,1’,2,2’) is neg- 
ative the reverse process, impact ionization process, dom- 
inates. 

Although the integrations in Eq. (1) extend over all 
values of the wavevectors, they are actually limited by the 
conservation of energy and momentum. The lowest per- 
missible value of the excited electron energy Ezr is called 
the threshold energy of the Auger recombination. 
P( 1,1’,2,2’) is maximum at the threshold. 

The threshold energy of the CCCH process in HgCdTe 
lies high in the conduction band, where it is not parabolic. 
One method in dealing with the nonparabolic band-bend- 
ing is provided by Landsberg and Yu.‘~ Although the par- 
abolic-band approximation introduces errors in the abso- 
lute values of the calculated recombination rates, it is good 
enough for our purposes to compare the Auger recombi- 
nation rate in HgCdTe bulk and that in quantum-well 
structures. We assume that the conduction-band electron 
and heavy-hole effective masses are m, and mh, respec- 
tively. Defining the new variables 

h=k, + k,=k,r + k2’, (5) 

j = kz - kl, 

and 

(6) 

h 
K=kl* - (1 - mJmh)’ (7) 

simplifies the integration in Eq. ( 1). The 6 functions for 
momentum and energy conservation reduce the twelfth- 
order integration in Eq. (1) to eighth order. Fz2, can be 
taken as unity. “*” Because k2, is large at the threshold, 
and the Auger recombination arises principally from car- 
riers near the threshold, the matrix element lM,l can be 
taken as constant. Further analysis reduces the integration 
in Eq. ( 1) to a third-order one, which can be dalculated 
numerically.6 

If the Fermi levels are sufficiently away from the band 
edges, Eq. ( 1) can be approximated as 

R Aug = cPfi2, (8) 

where n and p are the electron and hole concentrations, 
respectively, and the constant C is called the Auger recom- 
bination constant. For intrinsic semiconductors, and for 
semiconductors with high levels of carrier injection, which 
is the case in semiconductor lasers, n =p. The Auger re- ’ 
combination lifetime, defined as 

r=P/RAug, (9) 
is a measure that is often used to characterize the perfor- 
mance of semiconductor lasers. 

Figure 2 shows the calculated Auger recombination 
lifetime in bulk Hg0.578Cd0.422Te at various values of the 
temperature. The band gap of HgCdTe is calculated from 
the results given in Ref. 16, as are the effective masses of 
the electron, light, and heavy holes. Figure 2 shows that, at 
low carrier concentrations, l/r cc n2. 
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FIG. 2. Calculated Auger recoinbination lifetime in bulk 
Hg0,578Cd0,422Te at various values of the temperature. 
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8. CCCH Auger recombination in a quantum well 

The states of the carriers in the ith band of a quantum 
well of width d with infinite barriers can be written asi’ 

~i,m=Ui,k(rt)e’~‘~)sin(~~z), (10) 

where u is the periodic part of the Bloch function, k and 
rt are two-dimensional vectors perpendicular to the width 
of the well, and 

!A;, = m$ m = 1,2,... . (11) 

In analogy with the three-dimensional expression given 
in Eq. ( l), the two-dimensional CCCH Auger recombina- 
tion rate per unit volume is 

27-r 1 31 
RAU~=~ 9 $? 

( ) &J&& s J- I s d2k1d2k2d2 

Xkl~d”kz~~MA~2p(1,1’,2,2’) 

XS(k,+k2-kk,r--k&5(&-I$). (12) 

However, unlike the case of bulk material, the matrix ele- 
ment is now 

Fl,1’F2,2’G1,1’(5)G2,2,( - 5) 2 
(k2~-k2)2+~2+~2 ’ 

(13) 

where 

Gi,j(C) =i(6$ci- gj + sc,cj- gi - Sg,ci+ gj - SC, - ci- c> * 
(14) 

The integrals over the k,‘s in Eq. ( 1) for the bulk 
material become summations over the 5’s for the quantum- 
well structures. The G&)‘s impose selection rules on the 
summations. Equation (12) can also be reduced to a third- 
order integration as described in Sec. II A. 

As shown in Fig. 3, the Auger recombination lifetime 
in a HgCdTe QW is increased substantially over that of the 
bulk material. Certainly, the increase of the effective band 
gap in the quantum-well structure increases the Auger life- 
time, but it is not the major factor in the increase. Indeed, 
Fig. 3 shows that the Auger lifetime in a Hg0,7Cdt,3Te 
quantum well is longer than that in bulk 
Hge.578Cd0.422Te, while the former has an effective band 
gap that is smaller than the latter. This demonstrates that 
the increase of Auger lifetime in a quantum-well structure 
is mostly due to the reduction of dimensions to two. Figure 
3 also demonstrates the trend of increasing Auger lifetime 
with decreasing well width. 

Figure 4 shows the Auger lifetime in a HgCdTe quan- 
tum well of d = 200 A at various values of the tempera- 
ture. At low carrier concentrations, l/r a n’. 

III. RADIATIVE’ RECOMBINATION 

Spontaneous radiation in a semiconductor laser arises 
from radiative recombination. The radiative recombination 
rate (cm _ 3 s ‘) in bulk material is 

&ad=2 g $ j- j- j- d3W3WWE) IHv12f’ 
u-I,h 
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FIG. 3. Calculated Auger recombination lifetime in Hg, _ $d,Te bulk 
and quantum-well structures at T= 100 K. 

X (Ec,EJS(k, - k,)S(E, - E, - El, (15) 

where E and p(E) are the photon energy and density of 
states, ki and Ei are the wave vectors and energies of the 
carriers, and P(E,,E,) is the joint distribution of electrons 
and holes. We consider radiative transitions from the con- 
duction band (c) to the heavy-hole band (h) and light- 
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FIG. 4. Calculated A,uger recombination lifetime in a Hg0,51&&,4UTe 
quantum well of 200 A well width at various temperatures. 
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hole band ( I ), i.e., Y = Z,h. The matrix element for spon- 
taneous emission can be written as 

&I =~l(ljAlO).(k,l~lk,)l =;lWlW+Wl~ 
(16) 

where A is the vector potential of the radiation field, and 

IJfrI = IbtJIP-~ I&>1 (17) 
is the momentum matrix element along the direction of the 
vector potential (3 is the unit vector in that direction). 

With the assumption of parabolic bands, 3%~. ( 15) be- 
comes18 

X 
I 

m dEE(E--E,)“2f,(E,)f,(E,), (18) 
43 

where E is the dielectric constant of free space, n is the 
refractive index of the active layer, m, is the free electron 
mass, and Eg is the band-gap energy. 

According to the Kane model,lg the momentum ma- 
trix element can be written as 

IW12= 
m&@, + A> 

12m,( Eg + 2A/3 1’ (19) 

where A is the spin-splitoff gap energy. 
In analogy with Eqs. C 15) and ( 18), the radiative re- 

combination rate in a quantum well is18 

&,d’g _C 
v-l,h 

J J J d2kd2ku d@(E) IHif12f’ 
x (E,,E,M(k, - k,M(Ec - Eu - El, (20) 

X 
s cQ d~W,AEcF,)f,Wv). (21). 

=z 
Figure 5 shows th& radiative lifetime in HgCdTe bulk and 
QW structures as a function of carrier concentration. At 
low carrier conceritrations, l/rr CC n. Figures 6 and 7 show 
the behavior of the spontaneous recombination lifetimes in 
Hg0,578Cd0.422Te bulk and in a QW of width 100 A, respec- 
tively, at various values of the temperature. The radiative 
recombination lifetime is substantially shorter in the QW 
structure, while the Auger recombination lifetime is 
longer, as shown earlier. 

IV. THRESHOLD CURRENT 

The lasing condition for a single-mode semiconductor 
laser of cavity length L is18S2o 

1 1 
#=a,++ R,R~ y 

( 1 
(22) 
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FIG. 5. Calculated radiative recombination lifetime in Hg, -,Cd,Te bulk 
and quantum-well structures at T= 100 K. 

where 8js the gain coefficient of the lasing mode, I’ is the 
optical confinement factor, cz, is the average absorption 
coefficient in the cladding and active layers, excluding the 
absorption due to carriers, and Ri are the coefficients of 
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FIG. 6. Calculated radiative recombinatidn lifetime in bulk 
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FIG. 7. Calculated radiative recombination lifetime in a 
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reflection at the two facets. We assume in our calculation 
that a,= 15 cm-’ and RI = RiL0.32. 

For a single-mode double heterostructure laser, the 
gain spectrum is18,2o ,L 

(E - Eg) 1’2 
’ E IYAEJ + f,WJ - 11. (23) 

For a quantum-well laser the gain spectrum is18*2o 

xb=nL%) +f,bW - 11. (24) 

At low carrier concentrations, where f ,, ( EC) and 
fp(Eu) are small, the gain coefficient is negative, and the 
material acts as an absorber. The gain coefficient increases ,-~. 
with increasing carrier concentration; when it becomes 
large enough to satisfy the condition in Eq. (221, the laser 
threshold is reached. The corresponding carrier concentra- 
tion and injection current density are called the threshold I 
carrier concentration and the threshold current density 
Jth, respectively. The threshold currentdensity is the sum 
of the rates of the carrier loss per unit area at the threshold 
carrier concentration. 

Jth = &active(Rrad + R~ug + R’) = Jrad + JArig ;:i, (25) 

60 160 

Temperature (K) 

FIG. 8. Comparison of, the calculated threshold current density and the 
threshold current density from the experiment reported in Ref. 3 at var- 
ious temperatures for. the laser structure discussed in Ref. 3. The calcu- 
lated threshold current density Jth is the sum of the calculated Auger 
recombination current JAUs -and radiative recombination current Jrad 
a.= 15 cm - ’ and R, = Rz = 0.32 “are assumed in the calculation. The 
calculated fundamental mode threshold current density is lower than the 
observed multimode equivalent threshold current density, but the varia- 
tion of the calculated threshold current density with temperature resem- 
bles the observed one. 

where da,etive is the active layer thickness. R’ is the sum of 
the rates of all-the other nonradiative carrier losses, such as 
loss due to material defects, excluding the Auger recombi- 
nation loss. Jrad, JAug, and S are the current densities due 
to the spontaneous radiative recombination, the Auger re- 
combination, and other nonradiative recombination mech- 
anisms, respectively. We neglect R’ and S in our calcula- 
tion. . 

As an empirical rule, the threshold current density of a 
semiconductor laser varies roughly exponentially with the 
temperature, Jth cc exp ( r/I?,), over a certain range of tem- 
perature. To is called the characteristic temperature and is 
a measure that is often used to characterize the tempera-’ 
ture performance of semiconductor lasers. _. 

A recent experiment3 was conducted with an optically 
pumped HgCdTeiCdTe laser with an active layer consist- 
ing of 4 pm of Hg0,578Cd0.422Te, which supports about 
seven transverse modes. Stimulated emission was observed 
up to ,150 K at a wavelength 2.9 ,um, with an equivalent 
threshold current density of 56 kA/cm’ at 150 K. Figure 8.. 
shows equivalent threshold current density calculated from 
the observed threshold optical power Pth, from Ref, 3 and 
the calculated fundamental mode threshold current density 
Jth at various values of the temperature. The fundamental 
mode threshold current density is obviousIy lower than the 
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period H~,5,sCd,,~22Te/CdTe( 100 A/l00 A) MQW laser, at various val- 
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observed multimode equivalent threshold current density, 
but the variation of the calculated threshold current den- 
sity with temperature resembles the observed threshold op- 
tical power. The calculated values of JAug and Jrad are also 
shown in Fig. 8. We can see that the threshold current 
density is dominated by the Auger recombination current 
at 80 K and above, and is dominated by the radiation 
recombination current at- 50 K and below. The value of 
J Aug increases with temperature drastically, whereas Jraa, 
on the other hand, only increases mildly with temperature. 
Therefore, above 50 K, the threshold current density in- 
creases drastically with temperature so that To is small, 
whereas below 50 K, the threshold current density in- 
creases mildly with temperature so that To is larger. 

In order to achieve single-transverse-mode lasing, the 
active layer of a HgCdTe DH laser oscillating at 2.9 pm 
wavelength must be 0.5 pm or thinner. On the other hand, 
a very thin active layer, such as a single quantum well, 
provides very limited optical confinement at wavelengths 
longer than 2 ,um so that it may be hard to achieve lasing. 
Figure 9 shows the calculated threshold current densities 
of a DH laser with a 0.3 + pm active Ilayer, and a 15- 
period Hgo.,,,Cdo.422Te/CdTe ( lOO/lOO A) MQW laser, 
at various values of the temperature. The spontaneous 
quantum efficiency, which is defined as17 

rl~Rrac/(Rrad + RAU& (26) 

is also shown in Fig.‘9. 
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TABLE I. Calculated threshold current density at 100 K for 
Hgo,578Cd0.422Te/CdTe DH and MQW lasers with various values of the 
we11 thickness. Because the calculation was carried out for a low temper- 
ature (T= 100 K) the threshold current density is lower for the bulk 
laser. 

Individual well 
thickness (A) 

100 
150 
300 
250 
300 

Bulk ( dactivc = 0.3 pm) 

Number Threshold current 
of wells density (A/cm’) 

15 445 
12 418 
10 500 
8 794 
7 603 

DH 293 

Auger recombination dominates the threshold current 
density in the DH laser. The spontaneous quantum effi- 
ciency 7 is therefore small, and the threshold current in- 
creases rapidly with temperature, with a characteristic 
temperature To as low as 50 K. This device is unable to 
lase at relative high temperatures. In contrast, radiative 
recombination dominates the threshold current density in 
the MQW laser. The spontaneous quantum efficiency is 
substantially larger, and the threshold current density does 
not increase as rapidly with temperature as in the DH 
laser. The characteristic temperature To is 127 K, which is 
quite a bit larger than that for the DH laser and is in the 
same range as that for GaAs lasers. Thus, an MQW 
HgCdTe laser may achieve lasing at room temperature 
with current injection. 

Table 1 shows the calculated threshold current densi- 
ties at 100 K for a DH laser and an MQW laser with 
various values of the well thickness. The width of the bar- 
riers of the MQW’s are all 100 & and the active layers are 
all about 0.3 pm in overall thickness. The MQW laser of 
well width 150 A appears to achieve the lowest threshold 
current density among the MQW lasers at 100 K. 

V. CONCLUSION 

We conclude that the two-dimensional behavioi of 
HgCdTe/CdTe quantum-well structures reduces the Au- 
ger recombination rate significantly from that of bulk ma- 
terial. As a consequence, the Auger recombination current 
in a HgCdTe MQW laser is reduced below the radiative 
recombination current at threshold. This increases the 
characteristic temperature and spontaneous quantum effi- 
ciency, and therefore the possibility of achieving room- 
temperature lasing in HgCdTe MQW devices. 
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