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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 4um 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 coefficie@ 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 constautith a value of about & 1072 cmf s1) between 300 and 70 K,
and then drops a value of abouk10~2® cmfs ! at 30 K, in good agreement with the theory for nonparabolic
near-mirror bands and nondegenerate statistics. It is foundCtiiat PbSe is between one and two orders of

magnitude lower than for Hg ,Cd,Te of comparable band gaj50163-18208)07243-9

[. INTRODUCTION tion of one repoftalmost all previous work has utilized tech-
niques using relatively long pulse or cw radiation, and ex-
Lead salts are of interest both fundamentally, because gierimentally reported values fd€ vary over an order of

their interesting band structure, and from a device point ofmagnitudeé® 8
view since they are widely used in midinfrar@dIR) opto- We have made direct pump-probe measurements of radia-
electronic emitters and detectors. A particular feature of thigive and nonradiative recombination in epilayers of PbSe un-
system—i.e., their near “mirror” conduction and valence der high excitation with an rf linac-pumpéps) free-electron
bands—has been cited as potentially leading to much smalldéaser(FELIX), in the temperature range 30—300 K. For tem-
Auger scattering rates than found in 1llI-V material systemsperatures below 200 K and carrier densities above the thresh-
However, theory predicts that there may nevertheless stibld for stimulated emission, stimulated recombination repre-
remain a substantial contribution to this unwanted recombisents the most efficient recombination mechanism with
nation process through intervalley scattertn@,although  kinetics in the 50—100-ps regime, in good agreement with
later theorie$;* including more realistic band-structure pic- earlier report$:*1° Above this temperature Auger recombi-
tures, suggest that this should not be as serious as originalhation dominates on a 0.1-2-ns time scale. The sophistica-
predicted: Understanding accurately how the recombinationtion of a three-beam pump-probe experimental technique de-
processes change with carrier density is important for emisscribed below has enabled an analysis of the decay at times
sion devices which operate far from equilibrium, and in par-longer than 100 ps in terms of the nonparabolic anisotropic
ticular in the continuing quest for the development of com-band structure of the lead salts, to give the Auger coefficient
pact MIR room-temperature lasers. A recent design studZ qualitatively over a wide temperature range 30—300 K.
suggesting the possibility of cw room-temperature MIR op-The results are in good agreement with theory for nonpara-
eration of GaSh/PbSe/GaSb double heterostructure fasersolic, anisotropic band$!? and nondegenerate statistics,
depends critically on the theoretical prediction of a low valueand confirm that the original parabolic band calculatfons
of Auger coefficientC.* Although considerable research has underestimated the measured lifetime by more than an order
been done on the recombination processes, with the excepf magnitude?~*®Finally the Auger results for the lead salts
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Lo and back-reflected on the beamsplitter with-& telescope

Vouss 28MHz [T [T | onto the probe beam position. The probe and reference

RETRO iDELAY MCT beams follow the same 'o.ptical path, transmit through the
DETECTOR sample at the same position, and are both detected by the

ﬁPUMP same(77 K) MCT detector. It is assured independently that

BEAMSPLITTER . . . . .
xS 9% | both have the same original size. The detector bias is modu-
N SAMPLE lated with 25 MHz, synchronized with FELIX. This results
5% <] in signals with opposite sign for the probe and the reference
RETRO | - DL CHOPPER beams. When the system is in balariee pump is applied

& JiN I |wmron - the integrating electronics show an apparent output signal of
REFERENCE PROBE the detector which is zero. In the experiment the pump beam

is chopped with 2.5-Hz frequencggvery other pump pulse is
blocked and the signal fed into a boxcar integrator in the
4 TELESCOPE toggle mode. The result is a signal-to-noise ratio better than
0.1%, even when the fluctuations from macropulse to mac-
ropulse are several percent. The three beams were focused on
the sample using af+ 25 cm parabolic mirror, resulting in a

FIG. 1. Schematic diagram of the three-beam pump-probe ex tsi f 100 Th | ted | fl
perimental setup, utilizing a modulation technique to determine thePOlSIze 0 m. € sampié was mounted in a flow

relative transmission of the probe beam as a function of delay timgryOStat(‘l_soo_K)' The effective pump and probe energy
as described in the text. fluences per micropulse were estimated to be 350 and 10

wlicnt, respectively, including losses due to beamsplitters

are compared with earlier measurements taken at FEL@Nd optics. The relative transmittance of the probe was mea-
(Ref. 13 for Hg, ,Cd.Te of a composition such that the sured directly as a function of optical deldye,, between

band gap for the two semiconductors is the sam&=at00 ~ PUMP and probe pulses. .
K13 |t is found thatC for PbSe is between one and two Band filling as the pump radiation is absorbed causes a

orders of magnitude lower than for kig,Cd.Te over the Stong dynamic blueshift in the IR absorption edgee dy-
whole temperature range for comparable values of the banfg@Mic Moss-Burstein shiftand leads to pronounced bleach-
gap. This results in domination of stimulated radiative re-N9 near the excitation frequency. Recovery times in the

combination even at quite low carrier concentrations. range 20-800 ps were found, and shown to be strongly de-
pendent on the sample temperature and the excited carrier

density. In agreement with previous worké&rsg have found
Il EXPERIMENT that at room temperature and at the pump intens{aesited

The samples werél1)-oriented epitaxial layers of PbSe carrier densitiesused here the recombination is dominated

on insulating substrates (BgF They were grown by by Auger scattering as shown in Fig(&@nd see the analysis
molecular-beam epitaxy under ultrahigh-vacuumbelo"‘b- Below 200 K, stimulated recombination represents

conditionst4 The samples were-2 um thick with ann-type the most efficient recombination mechanism with kinetics in

carrier concentration of 3:210" cm3and a mobility of the 100-ps regime, as shown in Fig. 3. At times longer than
28070 cmdV-lslat 77 K. The wavelength-degenerate 100 ps, the Auger process takes over in the absence of stimu-

pump-probe experiments were performed with the DutcHated recombination. For all temperatures the net recombina-
free electron laser in UtrecEELIX), which operated with tion rate in the hlgh excitation regime is a qudamenFaI prop-
pulse traing“macropulses” typically of length 4us and at &Y of the material, and not defect relatéd> Analysis of

a repetition rate of 5 Hz. The macropulse consisted of a traif® recovery of the probe absorption leads to a quantitative
of “micropulses,” each of width adjustable between 2 angdetermination of the temperature dependence of the thresh-
10 ps, with a pulse separation of 40 ns. It was showrP!d concentration for stimulated emission and the Auger co-

previousy>15 that, over the range of excited electron con-€fficient, as described below.

centrations used throughout this study, the carrier tempera-

tures approach the lattice temperature to within 2% in less . ANALYSIS

than 3 ps, resulting in a temperature increase in the sample of

only ~0.02 K per pulse. Hence we have neglected heating In order to interpret the data of Figs. 2 and 3, we need to

effects and, for recombination processes which occur in lesgonvert the measured transmission into values of excited car-

than about 20 ngsee beloy, we have treated the interpre- rier concentrationN.. The rate of decay ofNg(t) with

tation in the same way as for a “single pulse” experiment. pump-probe delay can then be extracted directly, and Auger
The macropulse fluctuations of FELIX depend stronglyrecombination coefficients can be obtained by fitthg(t)

on the required performance of the machine, and can be ofith a simple rate equation. The recovery time of the bleach-

order 10%. In order to obtain a good signal-to-noise ratio ining depends on the photon energy, due to the carrier-

the MIR regime, we have utilized a pump-probe setup whichconcentration-dependent relaxation process. The valdg, of

compensates for these macropulse fluctuations. The expeat complete bleaching corresponds to the carrier density re-

mental arrangement is a three-beam pump-probe-referencgiired to separate the electron and hole quasi-Fermi energies

setup shown in Fig. 1. From the original pump pulse both &y an amount equal to the pump photon energy, and in-

probe beam and a reference beam are split off by ZnSereases monotonically withv. We assume that the carriers

beamsplitters. The reference beam is delayed by 26 ngy,  thermalize rapidly compared with the recombination rate, in
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FIG. 2. Pump-probe transmission results for PbSe saifi@#d5, at T=300 K, for a pump wavelength of 4,8m, measured directly
from our modulation technique @sa= —10g(T/To+1) VStyey (T andTy: transmission with and without excitatipn

which case the concentration becomes determined: eveiMy/e have assumed that the absorption coefficigntvhile
value of transmission corresponds to a unigue electron antime dependent, is approximately constant through the
hole quasi-Fermi energy and thus a unique excited carrigprobed region of the sampléhe initial concentration is spa-
concentration, since the electron and hole concentrations afilly uniform for complete bleachingR is the sample re-
equal. With the measured lifetimes substantially longer thalectivity, andd the thickness. The dependence of the trans-
the pulse duratiorf5 ps, the generation rate is zero during mission on the reflectivity is complicated by the different
the probe pulse delay time, and the recombination sate Values for the top PbSe layer, the bottom B&yer, and the
which is some function oN(t), can be measured unam- interface between the epilayer and the substrate. This prob-
biguously. lem is removed in our signal processing method, where we
We may similarly neglect the pulse duratigne., the take the ratio of the measured difference in the probe and
probe pulse shape functidift) is effectively aé function] ~ reference transmission to the reference transmission. In this
when calculating the sample transmission. way the dependence of the reflectivity is removed, leaving us
with an expression relying solely on the change in the ab-

T%(l—R)zexq—a(tdem)d]. (1)  sorption coefficientAa, resulting from the pump:
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FIG. 3. Pump-probe transmission results for PbSe satR845, atT=77 K, for a pump wavelength of 4,Zm, measured directly from
our modulation technique asa=—1og(T/To+1) VStgey (T @and Ty: transmission with and without excitatipn
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FIG. 4. Interband absorption coefficient as a function of energy for PbSe at 300 K in the region of the absorption edge. The experimental
points (circles were taken with a Fourier transform spectrometer. The solid line is fitted from(Bgg7) to determine the value of the
small signal absorption cross section.

Tprobe_ Treference: (1- R)Z[eXp{ —(aptAa)d}—exp(—apd)] _
Treference (1- R)z[qu —agd)]

exd —(Aa)d]—1.

The procedure is then to use a knowledge of the nongap but in addition two other pairs of “far” valence and
spherical, nonparabolic lead salt band strucisee below, conduction bands are introduced to oridér Since the effec-
which determines théfinal and initia) electron and hole tive masses for the conduction banmﬁE=0.069no and
energiesE, andE, for electron-hole pair creation at a given m®=0.037n, at T=2 K) and for the valence bandm’b
photon energy, and also the density-of-state functmyasd  =0.066n, and m'*=0.036n, at T=2 K) differ only
On- One then takes a range of values of electron Fermi ens|ightly, we use instead of the complete Mitchell-Wallis band
ergy, and computes the corresponding hole Fermi energieghemé; a simple two band model with mirrorlike symme-
and electron and hole excited carrier concentrations from thgy of the conduction and valence barids'®In this model a
relation pair of interband matrix element8, and P, describe the

strong nonspherical anisotropy of the conduction and valence
o E, X A ; .
Ne:f fe(E)ge(E)dE:f f(E)gn(E)dE,  (2) band_s at theL point of th_e Brillouin zone. The d|sper§|on
Eo — relations for the conduction and valence band energies are

wheref, andf,, are the Fermi occupation probability func- given by

tions for the electron and hole respectively, dadandE,

are the band-edge energies for the conduction and valence £2K2

bands. At the same time, each assumed value of electron E(k)= WJr m[4h2Pf(k§+ k§)+4ﬁ2Pfk§
Fermi energy determines a unique valuesofand hence) 0 0

from the relation + ngé]UZ, (4

g
a= (= [1=fo(Ee)— Fo(En) el E), ® e 1
E,(K)= 5—+ 5—[4/2P2 (ki +kJ) + 45 2PKZ
wherelJ(E) is the joint density of states, and the absorption 2mo  2mg
cross sectionr is determined by fitting the theoretical trans- +m2E2 ]2 (5)
mission obtained with the equilibrium Fermi energy to the o=ed
small signal absorption spectrum taken with a Fourier trans-
form spectrometer. This is shown in Fig. 4, utilizing Eqgs. where the zero of energy is taken at half the energyEgp
(4)—(7) (below) for the theoretical fit. We estimate the over- The z axis is parallel to 4111] direction, i.e., perpendicular
all error in deriving the carrier concentration from the pump-to the Brillouin-zone boundary at thie point for the four
probe measurement is about 30%, leading to an error in theonstant energy ellipsoids, amng}, is the free-electron mass.
Auger coefficient of about 60%. The interband momentum matrix elemefts and P, differ
Intraband and interband magneto-optical experiments ononsiderably for interband transitions parallel and perpen-

PbSe have been interpreted previously using-a model dicular to the principal axes of the energy ellipsoid kn
which takes into account the levels forming the minimumspace. They are related to the anisotropic band-edge masses
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FIG. 5. Computed excited carrier concentrathdnvs tye,, Obtained from the pump-probe transmission results as described in the text for
T=300 K and a pump wavelength 4,8n. The solid curve is the best fit from E@). The calculated value of is 6x10 28 cmfs L.

m, andm, at theL point of the Brillouin zon€"” Neglecting IV. RESULTS AND DISCUSSION
the far-band contributions, the effective two-band parameters
are given by We can now calculate the value of the excited carrier
concentration,N(tgen), corresponding to each value of
2pP? m 2P7

0 Mo transmission,T(tgelay) - As described previously, we have
Mo =Eg E=4-01 ev, m—O:EG H”=2-17 ev, also included the effect of small refractive index changes

(6) arising from a shift in the plasma frequentyTypical plots

of N¢ versust e,y are shown in Figs. 5-7 for 300, 150, and
where the valu€Es=146.3 meV was usetf. These values

77 K, respectively, showing clearly the rapid decay associ-
correspond to masses,=0.0673n, andm, =0.0365n; at  ated with stimulated emission at low temperatures which
T=2 K. With increasing temperature the masses becomgoes not appear at room temperature at the excitation level of
larger due to the increasing energy gap, and the energyhe present experiment. It has been shown previ6usigt
momentum relationshipfEgs. (4) and (5)] change accord-  the carrier system of PbSe and PbTe becomes degenerate at
ingly. In the two-band approximation we can use the follow-he values oiN, generated here for temperatures below 160
Ing S|r2ple expression in Eq3) for the joint density of  k \yith the quasi-Fermi levels shifted into the bands, giving
states: the possibility of stimulated emission under the condition

3

Mo
J(E)= —5——s— E(E2—E2)12 7
oE)= g 27spzp, E(E°~EQ) @ ES+EY>0. ®
I I T ) T
oL ]
Q
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FIG. 6. Computed excited carrier concentrathdnvs ty,, Obtained from the pump-probe transmission results as described in the text for
T=150 K and a pump wavelength 4umm. The solid curve is the best fit from E€). The calculated value of is 8x10 2 cmfs™™.
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FIG. 7. Computed excited carrier concentrathdnvs tye ., Obtained from the pump-probe transmission results as described in the text for
T=77 K and a pump wavelength 44m. The solid curve is the best fit from E(R). The calculated value of is 5x 1028 cmPs™%.

The spontaneously emitted photons are amplified in the inwavelength, and calculating the corresponding carrier con-

verted sample, resulting in an exponential increase in photooentration.

number and a decrease of carrier density. Computed results For the data at room temperature, and for the results at

for absorption and gain versus energy for different values ofower temperatures in the regime below the threshold value

excited carrier concentrations are shown in Fig. 8. Theof N, for stimulated emission, the data were analyzed with a

stimulated emission reduces the carrier concentration vergimple rate equation for radiative and nonradiative decay,

efficiently until it decreases below a threshold value definedncluding terms depending on the Schockley-Reed, radiative,

by Eg. (8). The correlation of the onset of stimulated emis-and Auger recombination coefficients B, and C, respec-

sion with the ps recombination kinetics shows that the carrietively, for a nondegenerats, distribution:

density in the excited volume is preferentially reduced by

stimulated recombination at early delay times. From our ob-

servations ofN. versust plots at temperatures in the dN(t) _
e delay =

range 30—300 K we have determined the threshold value of dt

N, as a function of temperature as shown in Fig. 9. Good

agreement is obtained with the results of Ref. 6 at the tworpjs equation was solved and fitted to the decay curves as
values previously reported, as shown in the figure, with valphown in Figs. 5-7. It was found in all cases that Auger

ues ranging from about 810" cm™® at 70 K t0 3 recombination dominated and the other terms were negli-
x10'® cm™® at 300 K. The experimental threshold concen-gipje and in particular that thi? dependence expected for

tration at 300 K from our work is an estimated value ob-5 ongegenerate carrier distribution gave a very good fit to
tained by changing the Fermi level until the absorption cOyhe gata. A similar result was obtained in the 300 K case in
efficient just becomes negative at the experimental pumping et 6 The value o obtained by this fitting procedure is
shown plotted over the full temperature range 30—300 K in
T=200K ] Fig. 10. Excellent agreement between theory and experiment
—_ N eted is obtained with the Auger process for intervalley scattering

AN(t)+BN2(t)+CN3(t). 9

17500

15000 |

~ 12500 N, = 8.5x10" e in the approximation of nondegenerate statistics, but it is
5 10000 [ | - N, =22x10" om' . clearly essential to include a realistic nonparabolic band
~§ 7500 F ] structuré? The difference between the parabolic and nonpa-
2 sl ] rabolic approximations is most clearly seen in the low-
; S50l 1 temperature regime where the Auger coefficient drops mark-
£ Absorption edly between 77 and 30 K. Finally the Auger results for the
= 0 T - Gain lead salts are compared with earlier measurements taken at
2500p e 1 FELIX for Hgg194Cth 20sTe (experiment and theoty?%2)
5000 1 - s s - ol and Hg 74£0 »seTe (theoryd). Since there is such ex-

tremely good agreement between the theory and nonpara-

bolic bands and the isotropic Kane model, the latter curve
FIG. 8. Computed nonlinear interband absorption coefficient forf(With the same band gap as PbSe at 100 K—i.g57 um)

PbSe for Eq.(3) as a function of energy for different values of IS taken for comparison between the two materials. It is

excited carrier concentration @t=200 K. The transition from ab- found thatC for PbSe is between one and two orders of

sorption to gain can be clearly seen for excited concentrations itmagnitude lower than for Hg ,Cd,Te at comparable values

excess of~10" cm 3, of the band gap. Stimulated emission was not observed in the

Energy (meV)
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FIG. 9. Threshold excited concentration for simulated emission vs temperaturdyjoe PbSgPS15—circles, present work; triangles,
Ref. 6.

earlier Hg 7oCty,0sT€ measurements even at the lowesttemperature. This band gap dependence dominates over the
temperatures used, but it is possible that it might be achieveghange of the occupation function with temperature. By con-
in material of precisely the same bandgap as Pb®e x trast, the ratio of electron to hole effective mass for PbSe is
=0.256) and with the higher FELIX intensities available approximately unity over the whole range of values=.
with the current optical setup. We estimate the threshold catn this case reducing the temperature below threshold
rier concentration for this material would be about 8duenches the Auger recombination.
X 10 ecm 3, which is some four times greater than
achieved in the earlier experimenrfs®

One other clear difference between the two systems is in
the dependence ofS on temperature. Both PbSe and In summary, we have utilized a ps free-electron laser to
Hg; _Cd,Te (of this compositiop are anomalous in that the measure directly the Auger recombination rates as a function
band gap decreases with lowering temperature. However, iaf photonexcited carrier concentration in PbSe over a wide
the case of Hg_,Cd,Te, because of the low ratio of electron temperature rangé30—-300 K. The rate is approximately
to heavy-hole effective mass arising from the Kane bandonstant between 77 and 300 K, with a val@=8
structure, which decreases further with decreasing band gap;10 28 cnfs™!, and then drops to a value oE=1
the threshold for Auger recombination drops with reducingx 10°2% cm®s ! at 30 K. Good agreement is obtained with

V. CONCLUSION

[ T v ) ' ) ' I ' 1 v T v T ]
10*F o 3
F °\0\I.{g0'795Cd0'205Te (A = 11um at 100K) E
—~ 10%F — T 3
o Hg, ;,,Cdy 5 Te _)\.
g 1o%f (A, = 7umat 100K) .
E f ____________ A A ;
g 107 e AT .
b= i /7 PbSe (A, = 7um at 100K)
Q g
S 107F s/ B L
§0 29 i 'II ."' ]
Z W0F A N NPA Theory 3
F N N PA Theory ]
-30 . -
107F m  Klann et al. (1995)
10-31 [ 1 "u 1 L 1 1 1 ) ) n [l n ]
0 50 100 150 200 250 300

Temperature (K)

FIG. 10. PbSe: Auger coefficief? vs temperature fon-type PbSe(PS15—solid triangles, present work; solid square, Ref. 6. The
dashed line is the theoretical curve for a nondegenerate distribution and nonparaboli€NRRAdafter Ref. 2; the dotted line is from the
same paper in the parabolic bafRiA) approximation. Hg ,Cd, Te: Auger coefficienC vs temperature for Hg,oCd, 5osTe—circles. The
solid lines are the theoretical curves for two compositions (4 d, ,0sTe and Hg 74Ldy 256T€) for the Kane model of nonparabolic,
spherical band$Refs. 13, 20, and 21The energy gap for PbSe and §3g/Ld, o5¢T€ is the samé~7 um) at T=100 K.
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theoretical calculations for nonparabolic, nonspherical enals of comparable band gagsssuming comparable internal
ergy bands in the non-degenerate limit for the excited carrielosses.

concentratiorf. Good agreement is also obtained with the ~We confirm the conjecture made recently that Auger re-
room-temperature value foE reported previously, and we combination in IV-VI semiconductors in the wavelength
confirm the earlier result that for temperatures below 200 Krange of 3—5um will not prevent quantum structures of
and carrier densities above the threshold for stimulated emighese materials from achieving room-temperature laser
sion, stimulated recombination represents the most efficier@Peratior? Rather, it is the problems of insufficient electron

recombination mechanisfriWe have determined the thresh- @nd hole confinement and low thermal conductivity from tra-
old carrier concentration for stimulated emission over theditionally used materials, PbEuSeTe, PbSrSe, or PbSrS, that

same temperature range, 30—300 K, and this occurs at carri%f"ve to be overcome by the utilization of structures such as

concentrations somewhat lower than would be the case fo asb/PbSe/GaSh.
bulk materials with the Kane band structure. This is in ac-
cord with the finding tha€ for PbSe is between one and two
orders of magnitude lower than for InSb or HgCd, Te of We acknowledge the EPSRC for the support of this work.
comparable values of the band gap. The small Auger coeffiwe are grateful to DERA Malvern for financial support
cients in the lead salts are mitigated to some extent by théC.M.C. and P.C.B. Two of us(C.M.C. and P.C.F.were
relatively heavy anisotropic effective masses and valley desupported by the EPSRC. The work was also supported by
generacy, which would tend, by contrast, to higher thresholdhe Osterreichischer Fonds zur rBerung der Wissen-
carrier concentrations than for Klg.Cd,Te or IlI-V materi-  schaftlicken Forschung.
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