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Auger recombination dynamics of lead salts under picosecond free-electron-laser excitation
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Pump-probe transmission experiments have been performed on PbSe above the fundamental absorption edge
near 4mm in the temperature range 30 to 300 K, using the Dutch ps free-electron laser. For temperatures below
200 K and carrier densities above the threshold for stimulated emission, stimulated recombination represents
the most efficient recombination mechanism with relatively fast kinetics in the 50–100-ps regime, in good
agreement with earlier reports of photoluminescent emission. Above this temperature Auger recombination
dominates, and the Auger coefficientC is determined from the pump-probe decay curves. In the low-
temperature regime the Auger coefficient is determined from the decay curves at times beyond 100 ps. The
Auger coefficient is approximately constant~with a value of about 8310228 cm6 s21) between 300 and 70 K,
and then drops a value of about 1310228 cm6 s21 at 30 K, in good agreement with the theory for nonparabolic
near-mirror bands and nondegenerate statistics. It is found thatC for PbSe is between one and two orders of
magnitude lower than for Hg12xCdxTe of comparable band gap.@S0163-1829~98!07243-9#
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I. INTRODUCTION

Lead salts are of interest both fundamentally, becaus
their interesting band structure, and from a device point
view since they are widely used in midinfrared~MIR! opto-
electronic emitters and detectors. A particular feature of
system—i.e., their near ‘‘mirror’’ conduction and valenc
bands—has been cited as potentially leading to much sm
Auger scattering rates than found in III-V material system
However, theory predicts that there may nevertheless
remain a substantial contribution to this unwanted recom
nation process through intervalley scattering,1–4 although
later theories,2–4 including more realistic band-structure pi
tures, suggest that this should not be as serious as origin
predicted.1 Understanding accurately how the recombinat
processes change with carrier density is important for em
sion devices which operate far from equilibrium, and in p
ticular in the continuing quest for the development of co
pact MIR room-temperature lasers. A recent design st
suggesting the possibility of cw room-temperature MIR o
eration of GaSb/PbSe/GaSb double heterostructure la5

depends critically on the theoretical prediction of a low va
of Auger coefficientC.4 Although considerable research h
been done on the recombination processes, with the ex
PRB 580163-1829/98/58~19!/12908~8!/$15.00
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tion of one report6 almost all previous work has utilized tech
niques using relatively long pulse or cw radiation, and e
perimentally reported values forC vary over an order of
magnitude.6–8

We have made direct pump-probe measurements of ra
tive and nonradiative recombination in epilayers of PbSe
der high excitation with an rf linac-pumped~ps! free-electron
laser~FELIX!, in the temperature range 30–300 K. For te
peratures below 200 K and carrier densities above the thr
old for stimulated emission, stimulated recombination rep
sents the most efficient recombination mechanism w
kinetics in the 50–100-ps regime, in good agreement w
earlier reports.6,9,10 Above this temperature Auger recomb
nation dominates on a 0.1–2-ns time scale. The sophis
tion of a three-beam pump-probe experimental technique
scribed below has enabled an analysis of the decay at ti
longer than 100 ps in terms of the nonparabolic anisotro
band structure of the lead salts, to give the Auger coeffici
C qualitatively over a wide temperature range 30–300
The results are in good agreement with theory for nonpa
bolic, anisotropic bands11,12 and nondegenerate statistics2

and confirm that the original parabolic band calculation1

underestimated the measured lifetime by more than an o
of magnitude.2–4,6Finally the Auger results for the lead sal
12 908 ©1998 The American Physical Society
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PRB 58 12 909AUGER RECOMBINATION DYNAMICS OF LEAD SALTS . . .
are compared with earlier measurements taken at FE
~Ref. 13! for Hg12xCdxTe of a composition such that th
band gap for the two semiconductors is the same atT5100
K.13 It is found thatC for PbSe is between one and tw
orders of magnitude lower than for Hg12xCdxTe over the
whole temperature range for comparable values of the b
gap. This results in domination of stimulated radiative
combination even at quite low carrier concentrations.

II. EXPERIMENT

The samples were~111!-oriented epitaxial layers of PbS
on insulating substrates (BaF2). They were grown by
molecular-beam epitaxy under ultrahigh-vacuu
conditions.14 The samples were;2 mm thick with ann-type
carrier concentration of 3.231017 cm23and a mobility of
28 070 cm2 V21 s21at 77 K. The wavelength-degenera
pump-probe experiments were performed with the Du
free electron laser in Utrecht~FELIX!, which operated with
pulse trains~‘‘macropulses’’! typically of length 4ms and at
a repetition rate of 5 Hz. The macropulse consisted of a t
of ‘‘micropulses,’’ each of width adjustable between 2 a
10 ps, with a pulse separation of 40 ns. It was sho
previously13,15 that, over the range of excited electron co
centrations used throughout this study, the carrier temp
tures approach the lattice temperature to within 2% in l
than 3 ps, resulting in a temperature increase in the samp
only ;0.02 K per pulse. Hence we have neglected hea
effects and, for recombination processes which occur in
than about 20 ns~see below!, we have treated the interpre
tation in the same way as for a ‘‘single pulse’’ experimen

The macropulse fluctuations of FELIX depend strong
on the required performance of the machine, and can b
order 10%. In order to obtain a good signal-to-noise ratio
the MIR regime, we have utilized a pump-probe setup wh
compensates for these macropulse fluctuations. The ex
mental arrangement is a three-beam pump-probe-refer
setup shown in Fig. 1. From the original pump pulse bot
probe beam and a reference beam are split off by Z
beamsplitters. The reference beam is delayed by 20 ns~6 m!,

FIG. 1. Schematic diagram of the three-beam pump-probe
perimental setup, utilizing a modulation technique to determine
relative transmission of the probe beam as a function of delay t
as described in the text.
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and back-reflected on the beamsplitter with a21 telescope
onto the probe beam position. The probe and refere
beams follow the same optical path, transmit through
sample at the same position, and are both detected by
same~77 K! MCT detector. It is assured independently th
both have the same original size. The detector bias is mo
lated with 25 MHz, synchronized with FELIX. This resul
in signals with opposite sign for the probe and the refere
beams. When the system is in balance~no pump is applied!,
the integrating electronics show an apparent output signa
the detector which is zero. In the experiment the pump be
is chopped with 2.5-Hz frequency~every other pump pulse is
blocked! and the signal fed into a boxcar integrator in t
toggle mode. The result is a signal-to-noise ratio better t
0.1%, even when the fluctuations from macropulse to m
ropulse are several percent. The three beams were focuse
the sample using anf 525 cm parabolic mirror, resulting in a
spotsize of 100mm. The sample was mounted in a flo
cryostat~4–300 K!. The effective pump and probe energ
fluences per micropulse were estimated to be 350 and
mJ/cm2, respectively, including losses due to beamsplitt
and optics. The relative transmittance of the probe was m
sured directly as a function of optical delay,tdelay, between
pump and probe pulses.

Band filling as the pump radiation is absorbed cause
strong dynamic blueshift in the IR absorption edge~the dy-
namic Moss-Burstein shift!, and leads to pronounced bleac
ing near the excitation frequency. Recovery times in
range 20–800 ps were found, and shown to be strongly
pendent on the sample temperature and the excited ca
density. In agreement with previous workers,6 we have found
that at room temperature and at the pump intensities~excited
carrier densities! used here the recombination is dominat
by Auger scattering as shown in Fig. 2~and see the analysi
below!. Below 200 K, stimulated recombination represen
the most efficient recombination mechanism with kinetics
the 100-ps regime, as shown in Fig. 3. At times longer th
100 ps, the Auger process takes over in the absence of st
lated recombination. For all temperatures the net recomb
tion rate in the high excitation regime is a fundamental pro
erty of the material, and not defect related.13,15 Analysis of
the recovery of the probe absorption leads to a quantita
determination of the temperature dependence of the thr
old concentration for stimulated emission and the Auger
efficient, as described below.

III. ANALYSIS

In order to interpret the data of Figs. 2 and 3, we need
convert the measured transmission into values of excited
rier concentrationNe . The rate of decay ofNe(t) with
pump-probe delay can then be extracted directly, and Au
recombination coefficients can be obtained by fittingNe(t)
with a simple rate equation. The recovery time of the blea
ing depends on the photon energyhn, due to the carrier-
concentration-dependent relaxation process. The value oNe
at complete bleaching corresponds to the carrier density
quired to separate the electron and hole quasi-Fermi ene
by an amount equal to the pump photon energy, and
creases monotonically withhn. We assume that the carrier
thermalize rapidly compared with the recombination rate,

x-
e
e
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FIG. 2. Pump-probe transmission results for PbSe sample~PS15!, at T5300 K, for a pump wavelength of 4.3mm, measured directly
from our modulation technique asDa52 log(T/T011) vs tdelay ~T andT0: transmission with and without excitation!.
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which case the concentration becomes determined: e
value of transmission corresponds to a unique electron
hole quasi-Fermi energy and thus a unique excited ca
concentration, since the electron and hole concentrations
equal. With the measured lifetimes substantially longer th
the pulse duration~5 ps!, the generation rate is zero durin
the probe pulse delay time, and the recombination rateg,
which is some function ofNe(t), can be measured unam
biguously.

We may similarly neglect the pulse duration@i.e., the
probe pulse shape functionI (t) is effectively ad function#
when calculating the sample transmission.

T'~12R!2exp@2a~ tdelay!d#. ~1!
ery
nd
ier
are
n

We have assumed that the absorption coefficienta, while
time dependent, is approximately constant through
probed region of the sample~the initial concentration is spa
tially uniform for complete bleaching!. R is the sample re-
flectivity, andd the thickness. The dependence of the tra
mission on the reflectivity is complicated by the differe
values for the top PbSe layer, the bottom BaF2 layer, and the
interface between the epilayer and the substrate. This p
lem is removed in our signal processing method, where
take the ratio of the measured difference in the probe
reference transmission to the reference transmission. In
way the dependence of the reflectivity is removed, leaving
with an expression relying solely on the change in the
sorption coefficientDa, resulting from the pump:
FIG. 3. Pump-probe transmission results for PbSe sample~PS15!, atT577 K, for a pump wavelength of 4.7mm, measured directly from
our modulation technique asDa52 log(T/T011) vs tdelay ~T andT0: transmission with and without excitation!.
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Tprobe2Treference

Treference
5

~12R!2@exp$2~a01Da!d%2exp~2a0d!#

~12R!2@exp~2a0d!#
5exp@2~Da!d#21.

FIG. 4. Interband absorption coefficient as a function of energy for PbSe at 300 K in the region of the absorption edge. The exp
points ~circles! were taken with a Fourier transform spectrometer. The solid line is fitted from Eqs.~3!–~7! to determine the value of the
small signal absorption cross section.
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The procedure is then to use a knowledge of the n
spherical, nonparabolic lead salt band structure~see below!,
which determines the~final and initial! electron and hole
energiesEe andEh for electron-hole pair creation at a give
photon energy, and also the density-of-state functionsgeand
gh . One then takes a range of values of electron Fermi
ergy, and computes the corresponding hole Fermi ener
and electron and hole excited carrier concentrations from
relation

Ne5E
E0

`

f e~E!ge~E!dE5E
2`

Ev
f h~E!gh~E!dE, ~2!

where f e and f h are the Fermi occupation probability func
tions for the electron and hole respectively, andEc and Ev
are the band-edge energies for the conduction and val
bands. At the same time, each assumed value of elec
Fermi energy determines a unique value ofa ~and henceT!
from the relation

a5
s

hn
@12 f e~Ee!2 f h~Eh!#Jcv~E!, ~3!

whereJcv(E) is the joint density of states, and the absorpti
cross sections is determined by fitting the theoretical tran
mission obtained with the equilibrium Fermi energy to t
small signal absorption spectrum taken with a Fourier tra
form spectrometer. This is shown in Fig. 4, utilizing Eq
~4!–~7! ~below! for the theoretical fit. We estimate the ove
all error in deriving the carrier concentration from the pum
probe measurement is about 30%, leading to an error in
Auger coefficient of about 60%.

Intraband and interband magneto-optical experiments
PbSe have been interpreted previously using ak–p model
which takes into account the levels forming the minimu
-

n-
es
e

ce
on

s-
.

-
he

n

gap but in addition two other pairs of ‘‘far’’ valence an
conduction bands are introduced to orderk2. Since the effec-
tive masses for the conduction band (mi

cb50.069m0 and
m'

cb50.037m0 at T52 K! and for the valence band (mi
vb

50.066m0 and m'
vb50.036m0 at T52 K! differ only

slightly, we use instead of the complete Mitchell-Wallis ba
scheme,17 a simple two band model with mirrorlike symme
try of the conduction and valence bands.16–19In this model a
pair of interband matrix elementsPi and P' describe the
strong nonspherical anisotropy of the conduction and vale
bands at theL point of the Brillouin zone. The dispersio
relations for the conduction and valence band energies
given by

Ec~k!5
\2k2

2m0
1

1

2m0
@4\2P'

2 ~kx
21ky

2!14\2Pi
2kz

2

1m0
2EG

2 #1/2, ~4!

Ev~k!5
\2k2

2m0
1

1

2m0
@4\2P'

2 ~kx
21ky

2!14\2Pi
2kz

2

1m0
2EG

2 #1/2, ~5!

where the zero of energy is taken at half the energy gapEG .
The z axis is parallel to a@111# direction, i.e., perpendicula
to the Brillouin-zone boundary at theL point for the four
constant energy ellipsoids, andm0 is the free-electron mass
The interband momentum matrix elementsPi and P'differ
considerably for interband transitions parallel and perp
dicular to the principal axes of the energy ellipsoid ink
space. They are related to the anisotropic band-edge ma
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FIG. 5. Computed excited carrier concentrationNe vs tdelayobtained from the pump-probe transmission results as described in the te
T5300 K and a pump wavelength 4.3mm. The solid curve is the best fit from Eq.~9!. The calculated value ofC is 6310228 cm6 s21.
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mi andm' at theL point of the Brillouin zone.17 Neglecting
the far-band contributions, the effective two-band parame
are given by

2P'
2

m0
5EG

m0

m'

54.01 eV,
2Pi

2

m0
5EG

m0

mi
52.17 eV,

~6!

where the valueEG5146.3 meV was used.14 These values
correspond to massesmi50.0675m0 and m'50.0365m0 at
T52 K. With increasing temperature the masses beco
larger due to the increasing energy gap, and the ene
momentum relationships@Eqs. ~4! and ~5!# change accord-
ingly. In the two-band approximation we can use the follo
ing simple expression in Eq.~3! for the joint density of
states:18

Jcv~E!5
m0

3

8p2\3P'
2 Pi

E~E22EG
2 !1/2. ~7!
rs

e
y-

IV. RESULTS AND DISCUSSION

We can now calculate the value of the excited carri
concentration,Ne(tdelay), corresponding to each value o
transmission,T(tdelay). As described previously, we have
also included the effect of small refractive index chang
arising from a shift in the plasma frequency.13 Typical plots
of Ne versustdelay are shown in Figs. 5–7 for 300, 150, an
77 K, respectively, showing clearly the rapid decay asso
ated with stimulated emission at low temperatures whi
does not appear at room temperature at the excitation leve
the present experiment. It has been shown previously6 that
the carrier system of PbSe and PbTe becomes degenera
the values ofNe generated here for temperatures below 16
K, with the quasi-Fermi levels shifted into the bands, givin
the possibility of stimulated emission under the condition

Ef
c1Ef

v.0. ~8!
xt for
FIG. 6. Computed excited carrier concentrationNe vs tdelayobtained from the pump-probe transmission results as described in the te
T5150 K and a pump wavelength 4.7mm. The solid curve is the best fit from Eq.~9!. The calculated value ofC is 8310228 cm6 s21.
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FIG. 7. Computed excited carrier concentrationNe vs tdelayobtained from the pump-probe transmission results as described in the te
T577 K and a pump wavelength 4.7mm. The solid curve is the best fit from Eq.~9!. The calculated value ofC is 5310228 cm6 s21.
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The spontaneously emitted photons are amplified in the
verted sample, resulting in an exponential increase in pho
number and a decrease of carrier density. Computed re
for absorption and gain versus energy for different values
excited carrier concentrations are shown in Fig. 8. T
stimulated emission reduces the carrier concentration v
efficiently until it decreases below a threshold value defin
by Eq. ~8!. The correlation of the onset of stimulated em
sion with the ps recombination kinetics shows that the car
density in the excited volume is preferentially reduced
stimulated recombination at early delay times. From our
servations ofNe versus tdelay plots at temperatures in th
range 30–300 K we have determined the threshold valu
Ne as a function of temperature as shown in Fig. 9. Go
agreement is obtained with the results of Ref. 6 at the
values previously reported, as shown in the figure, with v
ues ranging from about 331017 cm23 at 70 K to 3
31018 cm23 at 300 K. The experimental threshold conce
tration at 300 K from our work is an estimated value o
tained by changing the Fermi level until the absorption
efficient just becomes negative at the experimental pump

FIG. 8. Computed nonlinear interband absorption coefficient
PbSe for Eq.~3! as a function of energy for different values o
excited carrier concentration atT5200 K. The transition from ab-
sorption to gain can be clearly seen for excited concentration
excess of;1017 cm23.
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wavelength, and calculating the corresponding carrier c
centration.

For the data at room temperature, and for the result
lower temperatures in the regime below the threshold va
of Ne for stimulated emission, the data were analyzed wit
simple rate equation for radiative and nonradiative dec
including terms depending on the Schockley-Reed, radiat
and Auger recombination coefficientsA, B, and C, respec-
tively, for a nondegenerateNe distribution:

dN~ t !

dt
5AN~ t !1BN2~ t !1CN3~ t !. ~9!

This equation was solved and fitted to the decay curves
shown in Figs. 5–7. It was found in all cases that Aug
recombination dominated and the other terms were ne
gible, and in particular that theNe

3 dependence expected fo
a nondegenerate carrier distribution gave a very good fi
the data. A similar result was obtained in the 300 K case
Ref. 6. The value ofC obtained by this fitting procedure i
shown plotted over the full temperature range 30–300 K
Fig. 10. Excellent agreement between theory and experim
is obtained with the Auger process for intervalley scatter
in the approximation of nondegenerate statistics, but i
clearly essential to include a realistic nonparabolic ba
structure.2 The difference between the parabolic and non
rabolic approximations is most clearly seen in the lo
temperature regime where the Auger coefficient drops ma
edly between 77 and 30 K. Finally the Auger results for t
lead salts are compared with earlier measurements take
FELIX for Hg0.795Cd0.205Te ~experiment and theory13,20,21!
and Hg0.744Cd0.256Te ~theory21!. Since there is such ex
tremely good agreement between the theory and nonp
bolic bands and the isotropic Kane model, the latter cu
~with the same band gap as PbSe at 100 K—i.e.,lG;7 mm!
is taken for comparison between the two materials. It
found thatC for PbSe is between one and two orders
magnitude lower than for Hg12xCdxTe at comparable value
of the band gap. Stimulated emission was not observed in

r

in
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FIG. 9. Threshold excited concentration for simulated emission vs temperature forn-type PbSe~PS15!—circles, present work; triangles
Ref. 6.
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earlier Hg0.795Cd0.205Te measurements even at the lowe
temperatures used, but it is possible that it might be achie
in material of precisely the same bandgap as PbSe~i.e., x
50.256) and with the higher FELIX intensities availab
with the current optical setup. We estimate the threshold
rier concentration for this material would be about
31017 cm23, which is some four times greater tha
achieved in the earlier experiments.13,20

One other clear difference between the two systems i
the dependence ofC on temperature. Both PbSe an
Hg12xCdxTe ~of this composition! are anomalous in that th
band gap decreases with lowering temperature. Howeve
the case of Hg12xCdxTe, because of the low ratio of electro
to heavy-hole effective mass arising from the Kane ba
structure, which decreases further with decreasing band
the threshold for Auger recombination drops with reduc
t
ed

r-

in

in

d
p,

temperature. This band gap dependence dominates ove
change of the occupation function with temperature. By c
trast, the ratio of electron to hole effective mass for PbSe
approximately unity over the whole range of values ofEG .
In this case reducing the temperature below thresh
quenches the Auger recombination.

V. CONCLUSION

In summary, we have utilized a ps free-electron laser
measure directly the Auger recombination rates as a func
of photonexcited carrier concentration in PbSe over a w
temperature range~30–300 K!. The rate is approximately
constant between 77 and 300 K, with a valueC58
310228 cm6 s21, and then drops to a value ofC51
310228 cm6 s21 at 30 K. Good agreement is obtained wi
he

,

FIG. 10. PbSe: Auger coefficientC vs temperature forn-type PbSe~PS15!—solid triangles, present work; solid square, Ref. 6. T
dashed line is the theoretical curve for a nondegenerate distribution and nonparabolic bands~NPA! after Ref. 2; the dotted line is from the
same paper in the parabolic band~PA! approximation. Hg12xCdxTe: Auger coefficientC vs temperature for Hg0.795Cd0.205Te—circles. The
solid lines are the theoretical curves for two compositions (Hg0.795Cd0.205Te and Hg0.744Cd0.256Te) for the Kane model of nonparabolic
spherical bands~Refs. 13, 20, and 21!. The energy gap for PbSe and Hg0.744Cd0.256Te is the same~;7 mm! at T5100 K.
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theoretical calculations for nonparabolic, nonspherical
ergy bands in the non-degenerate limit for the excited car
concentration.2 Good agreement is also obtained with t
room-temperature value forC reported previously, and we
confirm the earlier result that for temperatures below 200
and carrier densities above the threshold for stimulated e
sion, stimulated recombination represents the most effic
recombination mechanism.6 We have determined the thres
old carrier concentration for stimulated emission over
same temperature range, 30–300 K, and this occurs at ca
concentrations somewhat lower than would be the case
bulk materials with the Kane band structure. This is in a
cord with the finding thatC for PbSe is between one and tw
orders of magnitude lower than for InSb or Hg12xCdxTe of
comparable values of the band gap. The small Auger co
cients in the lead salts are mitigated to some extent by
relatively heavy anisotropic effective masses and valley
generacy, which would tend, by contrast, to higher thresh
carrier concentrations than for Hg12xCdxTe or III-V materi-
ta

, J
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ld

als of comparable band gaps~assuming comparable interna
losses!.

We confirm the conjecture made recently that Auger
combination in IV-VI semiconductors in the waveleng
range of 3–5mm will not prevent quantum structures o
these materials from achieving room-temperature la
operation.6 Rather, it is the problems of insufficient electro
and hole confinement and low thermal conductivity from t
ditionally used materials, PbEuSeTe, PbSrSe, or PbSrS,
have to be overcome by the utilization of structures such
GaSb/PbSe/GaSb.5
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