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Jagdeep Shah and R. F. Leheny
Bell Telephone Labovatovies, Holmdel, New Jersey 07733

and

W. R. Harding and D. R. Wight
Services Electvonics Research Labovatory, Baldock Hevts, England
(Received 23 February 1977) '

Luminescence spectra of high-purity GaP at high pump intensity demonstrate the exis-
tence of an electron-hole-liquid phase. Line-shape analysis yields n;=6x 10 ¢m"? for
the liquid density and ¢ ;=14 meV for the liquid binding energy in agreement with theore-
tical values. The liquid critical temperature is estimated to be T, = 40°K.

We present new results on the high-intensity
luminescence spectra of high-purity GaP which
demonstrate the formation of an electron-hole
liquid (EHL) in this indirect-gap, III-V compound
semiconductor. The observed luminescence line
shape agrees well with our calculation of the ex-
pected line shape for EHL recombination in this
material and yields a liquid density of n,=6x10"
cm™®, ‘and a liquid binding energy relative to the
free exciton of ¢,=14 meV. These results pro-
vide the first experimental evidence for EHL
formation in GaP and further demonstrate the
universality of this phenomenon in semiconduct-
ing materials of high purity. The properties of
EHL in Ge and Si® have been extensively studied
and shown to be in good agreement with theoreti-
cal calculations for the liquid phase.? There
have also been reports of EHL formation in di-
rect-gap materials Cds® and GaAs.* Our results
for GaP are particularly important in light of
this continuing interest in the properties of semi-
conducting materials at high excitation intensi-
ties since we show that the values of liquid den-
sity and binding energy determined experimental-
ly are in good agreement with calculated values,
thus demonstrating the accuracy of these theo-
retical calculations. In addition, these results in
high-purity GaP are significant since the possi-
bility of doping GaP with isoelectronic impurities®
(N and Bi) and the polar nature of GaP suggests
new directions of EHL research with this ma-
terial.

' The measurements reported here were made
on an epitaxial layer (~20 pum thick) of high-puri-
ty GaP (nitrogen ~ 10* c¢m™® with some sulfur
and silicon impurities also present) grown on a
GaP substrate. At low excitation intensity free-
exciton emission was observed for 7> 20°K, with
bound-exciton luminescence dominating below
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this temperature.® The luminescence was excit-
ed by a cavity dumped Ar* laser (15 nsec pulse-
width, 10° pulses per second) operated at A
=4579 A and focused to a spot ~100 um on the
sample. For this wavelength the pump beam is
absorbed in a distance comparable to the epitax-
ial-layer thickness. The luminescence was dis-
persed by a double spectrometer and detected by
a photon-counter system having a time resolution
~ 10 nsec.

The low intensity (0.2-mW cw corresponding to
2 W/em?®) luminescence spectrum at 2°K, shown
in Fig. 1(a), is dominated by sharp bound-exciton
lines A and B (due to N) and C (probably due to
S or Si) and their phonon replicas.>® In contrast
the high-intensity spectrum,” (4x10* W/cm?,
pulsed) shown by the solid line in Fig. 1(b), is
completely dominated by a broad band of emis-
sion extending from ~ 5375 to 5550 A. We show
below, on the basis of temperature and excita-
tion dependence, as well as decay kinetics, that
radiative recombination of electron-hole pairs
within in EHL of density 6x10' ¢m™? is respon-
sible for this broad band in GaP.

An important characteristic of the EHL is that
in a given material the liquid density is a func-
tion only of T and, in particular, is independent
of the average pair density created by optical ex-
citation." As a result the spectral line shape of
EHL luminescence is independent of excitation
intensity, I. Figure 1(b) demonstrates that the
observed broad emission band has this charac-
ter. Neglecting the sharp bound-exciton features
on the high-energy side, we note that the dashed
spectrum, corresponding to I =4x10°W/cm?
when normalized at 5480 A, superposes the spec-
trum obtained for a pump ten times more intense.
Furthermore, the decay kinetics of this emission
band is very different from that of the bound ex-
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FIG. 1. Luminescence spectra of GaP at 2°K for
(a) low excitation intensity and (b) high excitation inten-
sities. The dotted curve is the calculated spectrum
with three overlapping phonon bands. The calculated
TA-phonon-assisted EHL spectrum is also shown, The
arrow indicates the calculated position of u j—7Zwr, at
T =0°K. The inset shows time evolutions of EHL (at
5500 A) and the A exciton. The weak signal at 5500 A
beyond 200 nsec is probably unrelated to EHL.
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citons, as shown in the inset of Fig. 1(b). The
bound exciton decays exponentially with a time
constant of ~55 nsec,® while the broad emission
begins to decay with a time constant of =35 nsec
and cuts off at =200 nsec. This 35-nsec time
constant agrees with the calculated Auger re-
combination time for a carrier density of 6x10'
c¢m 3 in GaP.® The sharp cutoff is typical of what
is observed for EHL in Ge at intermediate tem-
peratures.’® At the lowest intensity for which the
characteristic broad emission is well defined,

we estimate that the average photoexcited carrier
density is about two orders of magnitude less
than ~6X10'® cm™® consistent with the separation
of carriers into a low-density gas and a high-
density EHL' at this pump intensity.

These observations give strong qualitative sup-
port to the identification of this broad emission
band as due to EHL recombination. We now show
that the observed line shape agrees with the cal-
culated line shape for an EHL of density 6x10%
cm™®in GaP. The conduction-band minimum in
GaP is at the X point of the Brillouin zone and
electron-hole recombination requires phonon as-

sistance. Three zone-edge phonons are allowed
(E1p=12.8 meV, E| ,=31.3 meV, and E ;5 =46.5
meV). The energy separation between these pho-
nons is less than the expected width of the EHL
band so that their overlap results in a single
broad band, as observed. We have calculated the
spectrum as a sum of three appropriately dis-
placed bands of different intensities but with the
same shape. The line shape for a single band is
calculated as a convolution integral of the elec-
tron and hole density of states and the occupation
probability functions for electrons and holes® us-
ing the following values of reduced carrier mass-
es: my, =0.13, my, =0.54, m,=0.40, m,,=0.12
(the optical mass). With these masses we find
that the best fit to the data can be obtained with #,
=6%10" cm™3 and carrier temperature 7=20°K.!!
The relative strength of the phonon bands is given
by TA:LA:TO=0,53:1:0.88." This fit, shown in
Fig. 1(b) by the dots, is quite good except at low
energy where two-phonon processes [LO(51.5
meV)+TA, LA, or TO] also contribute to the ex-
perimental spectrum. The figure also illustrates
the calculated liquid line shape and the position
of the chemical potential u, at. 7=0°K for the TA
phonon sideband.

From the position of 1, we can deduce the lig-
uid binding energy relative to the free-exciton
energy and find ¢,=14+1 meV. In comparing
this experimental value to theoretical binding en-
ergy, one needs to know the exciton binding ener-
gy E ;. Experimental values range from 10 meV *?
to 13 meV *® and the theoretical estimate is ~ 17
meV." Combescot has calculated' n,=4,7x10"®
cm™® and ¢, +E ;=20 meV. Vashishta et al.'®
have calculated 7,=6.5X10" em™® and ¢,+E
=27.6 meV, . Beni and Rice have extended their
calculation of polaron effects'” in EHL to GaP and
find 1,="7.1x10" em™3 and ¢, +E ;=29.9 meV.'*®
While there remains some uncertainty in the ex-
act values, particularly in the absence of an ac-
curate measurement of the exciton binding ener-
gy, we judge the agreement between experiment
and theory to be good. This analysis of the low-
temperature data establishes the existence of an
EHL phase in GaP, and we now consider spectra
obtained at higher temperatures in terms of this
result.

For ultrapure Ge and Si, the EHL phase is ob-
served only when the excitation intensity exceeds
a certain threshold value. However, sharp thresh-
olds are not observed in doped Ge and Si. Our
sample of GaP is not as pure as the best Ge and
Si, and impurity-related recombination domi-
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FIG. 2. Luminescence spectra of GaP at 30°K at two
intensities near threshold. Luminescence intensity vs
excitation intensity is shown in the inset.

nates the low-intensity spectrum below ~20°K
and no well-defined threshold is observed at
these temperatures. However, threshold behav-
ior is observed at 30°K where free-exciton emis-
sion is strong even at low intensity.® Spectra
illustrating this threshold behavior are shown in
Fig. 2. Doubling the excitation intensity from 2
to 4x10° W/cm can be seen to result in substan-
tial increase in the broad emission band. The
variation of luminescence at a fixed wavelength
(x=5500 A) with pump intensity shows a break
corresponding to the threshold (see inset Fig. 2).
Above this threshold the integrated intensity of
the liquid recombination far exceeds that due to
any other radiative recombination channel.
Finally, there is a critical temperature 7,
above which the broad band we have identified
with EHL recombination does not exist. Spectra
obtained with ~10"® pairs/cm® created per pulse
at 7=35 and 40°K are compared in Fig. 3. We
see that the broad emission band characteristic
of EHL recombination is present at 35°K but not
at 40°K, indicating that the critical temperature
for EHL in GaP is ~40°K. The long low-energy
tail on the TO-phonon-assisted exciton at 40°K
is similar to the tail observed in Si at high ex-
citation.'® It may be related to the exciton-plas-
ma Mott transition, but more experiments will
be necessary to understand its origin in GaP.
The spectrum at 35°K shown in Fig. 3, illustrates
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FIG. 3. Luminescence spectra of GaP at two temper-

atures for I =4x10% W/cm?,
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the difficulty that one encounters in GaP at high
temperatures. Since the three phonon sidebands
of excitons and EHL are of comparable strength,
it is very difficult to determine the EHL density
as a function of temperature. Further purifica-
tion of GaP will probably be necessary before
the gas-liquid coexistence curve in the phase di-
agram of EHL can be determined.
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A method for studying nonequilibrium effects and their f(-space anisotropy in bulk su-
perconductors near T, is reported. The relaxation time in single-crystal In determined
directly by this method, 7(£) =0.77x10 %1 —¢)"1/2 represents confirmation, both in
form and magnitude, of the Schmid-Schon predictions for the relaxation of the magnitude
of the order parameter near T,. The associated electron-phonon inelastic scattering
time is in excellent agreement with that determined for the comparable portion of k

space by cyclotron resonance.

We report! a method for studying nonequillibri-
um superconductivity and its E-space anisotropy
in bulk superconductors near T',, and the direct
observation by this method of the relaxation time
7(t) for high-purity, single-crystal indium satis-
fying 7(¢)=0.77x 107 (1~¢)"Y? sec; here ¢ is the
reduced temperature, referred to the zero-field
critical temperature T.(0). In thin-film experi-
ments, Peters and Meissner” (Sn) and, later,
Schuller and Gray® (Al) reported a divergence of
7(t) near T,. The data were found to be incom-
patible with the form (1-¢)"!, obtained* for gap-
less superconductors. It was inferred that the
divergence must be of the form (1-#)¥25 It was
possible in the present work to test the magnitude
and form of the divergence of 7(f) near 7, more
definitively than heretofore, in part as a result
of the following: (1) The T ,(0) broadening 67 ,(0)
<1 mK, as compared with 15-20 mK commonly
encountered in thin films,® so that the form of the
divergence could be meaningfully tested to ¢
=0.999; (2) the method minimizes commonly en-
countered complications due to subsequent pair-
breaking (cf. Ref. 6) by a phonon emitted upon
pair formation, and to quasiparticle branch im-
balance’; and (3) the interaction has a E-space

selectivity in the single crystal. The measured
7(¢) represents confirmation of the A™! tempera-
ture dependence, i.e., the form (1-¢)"¥2 pre-
dicted by Schmid and Schon® for the relaxation
near T, of the magnitude of the order parameter
A: TA=1T/T¢(3)T,.,, A7, where ¢ is the Rie-
mann zeta function and 7,.,, the inelastic electron
scattering time by phonons. From our experi-
mentally determined numerical coefficient 0.77

X 1071 (sec) we obtain 7, .,,=1.26X 10" (sec).

[A factor of 2 is required by the fact that two
quasiparticles are involved in each pair-forming
process (cf., Ref. 5, p. 4869)]. This is in excel-
lent agreement with the 7,.,, from (N state) cyclo-
tron resonance,’ 7,.,;, = 1.27x 1071° sec, identifi-
able with the same k-space locus as is selected
by the present interaction, i.e., the “cap” por-
tion of the central-plane effective zone'® L[oo1].
Note that 7,.,, is in general highly anisotropic,
rendering questionable any detailed comparisons
of Toopn (k) measured in polycrystals. Since the
present method makes possible measurements on
bulk single crystals and incorporates a E-space
selectivity, it becomes possible to identify mea-
sured times 7, and 7,.,, with particular regions
of Fermi surface, and directly to determine
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