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The photoluminescence spectra of epitaxial GaP layers with impurity density < 10'6 cm~ are
investigated at T = 8-60 K. Emission due to electron-hole drops (EHD) is observed at excitation
levels W = 3 10°-2X 10° W/cm?. The shape of the EHD spectral band with a maximum at #io,,
= 2.268 eV isindependent of Wand T at TS 40K, and the band has characteristic recombination
times 30 + 3 nsec and a critical temperature T, = 50*; K. The shape of the EHD spectrum is
analyzed with account taken of the two-hump structure of the conduction band and of the differ-
ent ratios of the probabilities of emission of 70, L4, and T4 phonons in indirect transitions. The
obtained values of the Fermi levels, of the carrier-pair densities in the EHD, and of the binding
energy require corrections necessitated by allowance for the phonon dispersion and carrier heat-
ing in the EHD. The recombination band assumed to be due to a low-density electron-hole plasma
is found to be significant in the quantum-energy region ~2.29 eV near the short-wave edge of the

EHD band at high T.
PACS numbers: 78.55.Ds, 71.35. + z

1. INTRODUCTION

Investigations of electron-hole drops (EHD) in Ge and
Si (see the reviews') and of radiative recombination in GaP
(see the reviews**) have led recently to observation of EHD
in GaP (Refs. 6-9) and to an understanding of the singulari-
ties of their emission spectra.!®!! The conduction band of
GaP has a complicated two-hump structure'>'* whose pa-
rameters were determined quite accurately in Refs. 14-16;
this structure must be taken into account in the analysis of
properties of EHD.?!! It was predicted back in Ref. 5 that
EHD in GaP are possible at relatively high temperatures;
experiments®! point for EHD in GaP to critical tempera-
tures that vary in the range 7, = 30-70 K. To observe the
EHD it is necessary to have GaP crystals with residual-im-
purity densities & 10'® cm 3, this can be reached by growing
the GaP by the liquid-epitaxy method.'”-!®

Wereport here investigations of the photoluminescence
spectra of GaP in a wide range of excitation levels, with vari-
ation of the delay time relative to the excitation and tempera-
ture. Selection of the purest samples made it possible to iden-
tify the emission spectra of the EHD. The shapes of the EHD
spectra are calculated with allowance for the latest data on
the GaP band structure, which influence the accuracy of the
EHD parameters by comparison with experiment.

2. EXPERIMENTAL PROCEDURE AND INVESTIGATED
SAMPLES

The luminescence was excited with an LGI-21 nitrogen
laser (power density up to W< 10° W/cm?, A = 337.1 nm,
pulse duration ~ 10 nsec, repetition frequency ~ 100 Hz).
The value of W was varied by focussing the spot (% 150-um
diam) and using filters calibrated accurate to + 15%. The
spectra were investigated with a high-transmission MDR-1
monochromator (characteristic resolution ~0.1 nm)with an
FEU-79 photomultiplier (time resolution ~ 10 nsec). To reg-
ister the spectra with a time delay we used an S7-8 strobo-
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scopic oscilloscope with the analog signal fed to a KSP-4 or
PDS-21 recorder.

The samples were soldered with indium to a copper sub-
strate on the tail of a vacuum helium cryostat. The substrate
temperature 7 was either fixed (8 K) or varied in the range
30-100 K accurate to + 1 K. The difference between the
sample and substrate temperatures determined from the lu-
minescence line shift of an exciton bound to a neutral donor
S did not exceed 3-5 K at W<4 X 10° W/cm?.

The GaP samples for the investigations were kindly
supplied by O. B. Nevskii; they were grown by liquid-phase
epitaxy using vacuum cleaning of the material to rid it of
uncontrollable impurities.'”'® The equilibrium energy den-
sity on the surface of the epitaxial layer, according to data on
the capacitance of the Schottky barrier at low temperature,
was n < 10'7 cm™>. The samples with the lowest impurity
density were selected in accord with their luminescence
spectra from a batch of 40 samples, some of which were in-
vestigated by layer-by-layer etching.

3. RESULTS OF EXPERIMENTS

3.1. At low excitation density, W /W, =3x10* W/
cm?, the predominant line in the photoluminescence (PL)
spectra at low temperatures was that of an excitation bound
on S, #iw,, =2.309 4+ 0.001 eV at 8 K (see Fig. 1a). Near this
line, at lower energy, a shoulder could be distinguished and
was ascribed to the line due to recombination of the free
exciton with emission of an LA phonon (X-LA),
#iw,, = 2.300 4-0.002 eV.

At excitation densities higher than critical, W> W, a
broad band appears in the spectrum, with a maximum near
2.27 eV, and corresponds to the EHD emission. At T= 8 K
the spectral position of the maximum was
#iw,, (EHD) = 2.268 + 0.001 eV when W was varied within
two orders of magnitude up to ~2 X 10° W/cm?>. In this case
the shape of the band in the long-wave part and in the region
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FIG. 1. a) Photoluminescence spectra of GaP sample at 7= 8 K with
increasing excitation level W: 1 — 10°,2 — 2,5X 10% 3 — 5X 10%;

4 —2%10% 5 — 4X10° W/ecm? EHD—emission band of electron-hole
drops. b) Dependence of the EHD emission intensity on the excitation
level. ¢) Dependence of the EHD band intensity and of the line of the
exciton bound on the S impurity on the delay time relative to the excita-
tion pulse.

of the maximum up to ~2.28 eV likewise remained un-
changed. With further increase of W to ~4 X 10° W/cm? the
band as a whole was shifted by approximately 4 meV
towards higher energies. The EHD band competed with the
recombination of excitations bound on the donor S, and were
observed only in the purest samples (see Ref. 19), in which
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FIG. 2. Variation of GaP emission spectra with temperature 7: a—30, b—
39, c—46, d—60 K excitation density: solid—2 X 10%, dashed—1 X 10°,
dash-dot—4 X 10° W/cm?. Next to curves a and b are shown dotted the
theoretical curves obtained from (8) with parameters from Tables I and II.
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FIG. 3. Temperature dependence of the emission intensity at the maxi-
mum of the EHD band at different excitation densities #: 1 — 2 10%
2—-10%3—-2%10%4 —4X10° W/cm?

the S line was weaker by a factor 5-10 than in the remaining
ones. It appears that in these five samples the donor density
reached < 10'"® cm ™3, :

In the short-wave part of the band at energies fiw > 2.28
eV, the spectrum changed when the excitation level was in-
creased. Thus, the ratio of the luminescence intensity near
the shoulder at #iw, = 2.295 eV to the intensity near the
maximum, #w,,(EHD) = 2.268 eV, changed from 0.56 to
0.42 when W was increased from 5 10° to 2 X 10° W/cm?.
This is evidence that the shoulder in the short-wave part of
the band is due to a recombination mechanism other than
EHD, which was attributed in earlier papers'®!'' to recom-
bination in a low-density electron and hole plasma (the ar-
row P in Fig. 1).

The dependence of the PL intensity at the maximum of
the EHD band on W is shown in Fig. 1b. The plot shows a
characteristic kink at W_, = 3xX10®> W/cm?. At lower W,
the plot is approximately linear, and at higher it follows a
power law with exponent 2.2 + 0.2. At the highest excita-
tion densities the 7 (W) dependence becomes weaker than
quadratic.

The dependence of the emission intensity on the delay
time 7 relative the excitation pulse is shown in Fig. 2c. Near
7 = 20 nsec a maximum of 7 (EHD) is observed, after which
the intensity decreases exponentially with a lifetime
7(EHD) = 30 + 3 nsec. The intensity of the S line reached a
maximum at 7 = 50 nsec, and the characteristic falloff time
was ~ 150 nsec.

3.2. When the temperature was raised to ~40 K the
spectra had similar dependences on W and 7 (Figs. 2a, 2b). In
the interval T = 40-50 K the spectra underwent substantial
changes. At W =2X10* W/cm? the broad band corre-
sponding to the EHD vanished. Lines of a free excitation
with emission of 74, LA, and TO phonons appeared in the
short-wave part of the spectrum and were most strongly
pronounced at 7= 60 K. In addition, a hole-donor line (h—
S') appeared. The intensity ratio of the phonon replicas in the
excitation spectra could not be determined because of the
influence of the hA-S bands.

When W was increased to 10° W/cm? it became possi-
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ble to distinguish a P band in the spectrum. At the highest
densities, W= 4 X 10° W/cm?, the broad band with maxi-
mum ~2.28 eV did not vanish from the spectra up to ~ 60 K
(dash-dot line in Fig. 2d). The spectral position of this band
was close to the EHD band. At such W, however, the lumi-
nescence spectra changed and differed from the EHD band
even at low T. The interpretation of this band is not unique,
and the discussion that follows is confined to the results ob-
tained at W<2x 10° W/cm?.

For a more accurate determination of the critical tem-
perature in the 40-50 K interval we investigated the depen-
dence of the PL intensity at the maximum of the EHD band,
I, (EHD),on T (Fig. 3). A distinguishing feature is the rapid
decrease in the interval 40-50 K and the slower decrease at
TX 50K. If the critical temperature is chosen to be the point
of transition from the rapid to the slow decreaes, we get T,

=48 + 2 K. If the possible difference between the crystal
and substrate temperatures is taken into account, the critical
temperature for the EHD in GaP must be taken to be
T.=50"3K.

Thus, the shape of the emission spectra, the critical de-
pendence on the excitation level and on the temperature, the
short characteristic luminesence falloff time indicate that
electron-hole drops were observed in our experiments. They
agree with the experimental data'®!! and provide a more
accurate value of T,.

4. ANALYSIS OF THE SHAPE OF THE EHD SPECTRA AND
DISCUSSION OF RESULTS

4.1. Figure 4 shows the electronic-transition scheme for
strong degeneracy and for equal electron and hole densities,
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FIG. 4. a) Scheme of radiative electronic transitions in EHD in GaP. b)
Dependence of the state density on the energy (curve 1) and of the electron
density on the Fermi quasilevel (curves 2—4) at various temperatures (2—
50, 340, 4-8 K), calculated from Egs. (2) and (3).
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TABLE 1. Gallium-phosphide parameters used in the calculation of the
emission spectra.

Parameter Value Reference
Eqg(4,2K) 2.350 €V [14,15]
Eq(50K) 2.347 eV -
Eexe 21 meV [16]
#Q(T4) 13.2 meV 5]
hQ(LA) 32.2meV -
RQ(TO0) 46.4 meV —
Iro:Ipa:lra { 0.40:1:0.34 (1) {10}

0.25:1:0.38 (2) [5]
i} 0.354 eV -
D* 1.22+0.01 [14-16]
AEmin 3.5+0.3 meV -
m: I Imyq 0.9 -_
me, Imq 0.254 (5]
vl omy e 0.626 [20]
(o F Mg YT o {038 [10]
Neo 3,46-1018 cm -

n = p. Account is taken for the two-hump structure of the
conduction band, with a distance § between the spectrum
branches X { and X §. The “hump” AE_,, is given by

AEn,=6(D"—1)*/4D", (1)

where D * = (2my/#*)(D ?/8)is the parameter of the k-p inter-
action. The state density p(E )dE in this structure was calcu-
lated in Refs. 10-16. It is convenient to write it in the form

[1+(e—1) (D*—1)/2D*+g"]*
—[1+(e—1) (D'—1)/2D*—g"]", <1,
[1+(e—1) (D*—1)/2D*+¢e"]", =1,

where the energy is reckoned from the bottom of the band,
and the height of the hump is set equal to unity, e = E/
AE .. The parameter N, is determined by the effective

masses m¥ and m¥ and by the parameters D *, S,andAE_, :

3 [ 2me\tmi ymy\hy O\ " (D—1)"
2a* ( A ) m, (m_o) (2—) 2D°
In contrast to Refs. 10 and 11, we regard the numerical val-
ues of the parameters to be not as obtained by fitting, but as
known from Refs. 14-16 (Table I).

The conduction band is asymmetric and highly nonpar-
abolic; the function p (E ) calculated from Eq. (2) is shown in
Fig. 4. The same figure shows the dependence of the electron
density

. E-F,q™
n=fo@EFIE - [1+ew—2] )
on the Fermi quasilevel F,. The calculations lead to a con-
venient approximation in the density interval n = (0.7-
2)X 10" cm™2:
n=Nek(F./Enn)", (4)

where the coefficient k£ and the exponent v vary little in the
interval T = 040 K, namely £ = 0.91-1.22 and v = 1.31-
1.14.

At sufficiently large F, X 6 meV the average electron
kinetic energy increases thus with the density faster than
~n3'%; under this condition a better assumption is that the
many-electron effects influence little dispersion in the EHD.
We note that at smaller F, the kinetic energy increases more

0. (E)dE=N., de 2)

Nco=
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slowly than ~ 2’3 and the question of the influence of many-
electron effects on the dispersion law remains open.

From (4) and from the parabolic approximation of the
dispersion in the valence band:

Po(E") ="/ [2 (moy +my") /R RE (5)
with effective masses m¥, and m} of the heavy and light
holes, given in Table 1 of Ref. 20, follows an approximation
for the Fermi quasilevel F, at n = p:

Fp=(3.92—6.02)F,""" "™ T=0—40K
(F, and F, in meV).

(5%)

At the typical densities ~ 10'® cm 3 the carriers occupy
a rather large part of the Brillouin zone along axes of the
(100) type:

Ak=Ako+Ak~ (0.47+0.06) (27/a), (6)

where a, = 5.449 A for GaP (Refs. 4 and 5). Figure 4 illus-
trates the calculations by formulas (2)-(6) for values
n=p=~10"cm™3

Note that we have chosen larger hole effective masses
than in Ref. 10 (Table I). It is known that the effective hole
masses increase with density p if the latter is increased on
account of an increase in the acceptor density N, (Ref. 5).
There are no published data on m}¥, and m} in GaP with
small N, at large equilibrium values of p.

4.2. We calculate now the EHD emission spectra, fol-
lowing Refs. 9-11 and taking into account the described pe-
culiarities of the GaP band structure. It is assumed in the
calculation that the many-electron interaction shifts the
spectrum as a whole, but does not change the shapes of
equal-energy surfaces in the EHD, i.e., we can neglect the
damping of the Bloch waves and the renormalization of the
effective mass. This assumption holds for Ge and Si with
accuracy 10-15%. According to estimates,'®*' the EHD
binding energy in GaP is ¢ =~ 12-17 meV; this is noticeably
larger than the parameter AE;, (Table I). It is therefore not
obvious beforehand that the exchange, correlation,” and
electron-phonon?? interactions do not distort the spectrum
near the edge of the two-hump structure. If the assumption is
correct for GaP, the width of the forbidden band in the EHD
is

Eg*=Eg_ (Eexc+(P) - (FH+FP) ’ (7)

where E.,. is the free-excitation ionization energy (Table I).

It is assumed that the probabilities of emission of var-
ious phonons for indirect transitions in EHD remain the
same as for free excitons. However, owing to the condition
(6), the situation in GaP differs from Ge and Si: The energies
of the emitted phonons can differ, in accord with their dis-
persion near the points X and I (see Ref. 5) from the values at
the point X listed in Table I. The difference from the estimat-
ed Ak amounts to 4%, ,~3 meV and 4%,y =0.5
meV.

It is assumed that the effective electron and hole tem-
perature equals the lattice temperature. This assumption
calls for verification, since the carrier lifetimes in GaP are
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FIG. 5. Comparison of the experimental emission spectrum at 7= 8 K
(points) with the theoretical calculation of the EHD of the spectra of EHD
in GaP; a—the solid and dashed curves correspond tosets 1 and 2 of Table
I; b—solid curve—set 1, T = 30 K, dashed—calculated from Eq. (9) with
o =3 meV.
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substantially shorter than in Ge and Si, although they re-
main much longer than the relaxation times in the bands.

With these stipulations, we write down the equation for
the emission spectrum:

I(ho)~ Y\ 1, [[dEE 0. (E) o (ENLEF) g
X [1—f.(E’, Fp) 16[hio— (E;—RQ+E+E’) ].

Using the energy conservation law in the form of aé function
and putting E } = E ¥ — #i(2; we obtain

I(ho)~ Y1 | dEp.(E)p.(ho—E/~E)[.(1~f), (8
) .0

where the summation is over the three phononsj = TO, LA,
and T4 (Table I). Different phonon emission probabilities J;
obtained from exciton luminescence are cited by different
workers, in view of the presence, in the experimental spectra,
of bands produced by various recombination mechanisms
and obscuring the true I;. Table I lists two sets of /; (1 and 2).

4.3. The results of computer calculations in accord with
Eq. (8') are shown in Fig. 5 and are compared with the experi-
mental data at T'= 8 K. In the calculations we varied the
quasilevels F, and F, and used Egs. (4)-(6). The values of ¢
were chosen by shifting the calculated curve relative to the
experimental one. Figure 5a shows the difference for the dif-
ferent sets of phonon-emission probabilities: At large
I,,/1,, the theoretical spectra acquire a structure not ob-
served in either our experiments or in Refs. 10 and 11. The
experimental spectra have a flatter peak than the calculated
ones.

Better agreement with experiment is obtained if an elec-
tron temperature T = 30 K is assumed at the same values of
n,, as shown by the dashed curve in Fig. 5b. An attempt was
also made to describe phenomenologically the experimental
spectrum with allowance for the possible smearing of the
spectra on account of violation of the assumptions discussed
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TABLE II. Experimental parameters of EHD in GaP and their comparison with the calcula-
tions. The value of ¢ was determined by a best fit either to the maxima (*) or to the long-wave
edges (**) of the spectra for two sets of phonon-emission probabilities (1 and 2).

) ¢, meV
T, K F,. meV Fp,meV |, joscm™3 l Reference
* * %
50 43| 10£0.5 3242 1.240.2 15 19 (1) Present
-3 . 18 21 (2) work
45 5.4 26.6 0.86 17.5+3 [10]
70 13.3 26.7 0.74 15 [11]

in Sec. 4.2. To thisend the § functionin the integral of (8) was
replaced by the Gaussian ¥ (fiw — E,o0) with a scatter param-
eter o equal to the estimated value of A7if2, ,:

1(ho)= j dEY (ho—E, o) I(E),

(%)
b4 (flﬁ) E, 0') = —(—Zn)-'—l’c
Numerical integration using Eq. (9) at 0 = 3 meV and the
function I (E ) calculated from (8') has shown that the calcu-
lated shape of the spectra agrees better with experiment (sol-
id curve in Fig. 5b).

Owing to the difference between the experimental and
theoretical spectra, the fit of the parameters F,, F,, and ¢ to
Eq. (8) depended on the manner of fitting—on whether the
best agreement was obtained in the long-wave part or in the
region of the band maximum. The results are given in Table
I1, which lists also data from Refs. 10 and 11. Our analysis
shows that the parameters in Refs. 10 and 11 were chosen
with exaggerated accuracy. Allowance for phonon disper-
sion or for the smearing of the spectrum as a result of many-
electron interaction should lead, as shown by estimates using
(9), to a decrease of the chosen value of the sum F, + F, and
to a corresponding decrease of the carrier density in the
EHD. A decreae of the relative 70- and T4-phonon emis-
sion probabilities introduced into the calculations should in-
crease the chosen values of F,, and F, and accordingly of n,.

A more accurate comparison of the experimental data
with the theory is as yet meaningless, since account must be
taken of the factors that restrict the use of Eq. (8). The order
of magnitude of the correction is estimated to be the value of
oin(9). One of the factors that must apparently be taken into
account is that the electrons and holes in the EHD have a
higher temperature than the lattice.

4.4 If the parameters n, and ¢ determined from experi-
ments at low T are used to calculate the spectra at higher
temperatures, it becomes obvious that other recombination
mechanisms affect the spectra (see Figs. 2a and 2b). The plas-
ma emission (P ) prevails over the EHD emission at 7* 40K,
and the EHD role can be tracked only to ~48 K. It was
therefore impossible to estimate the change of the EHD pa-
rameters with increasing T from a comparison of the calcu-
lations with experiment. We note that the recombination
mechanism that determines the P band is not yet clearly un-
derstood.

5. CONCLUSION AND DEDUCTIONS
1. Radiation due to electron-hole drops is observed in
epitaxial GaP films with impurity density =10'® cm™3 at
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T = 8-50 K. The emission spectra can serve as a measure of
the purity of the GaP crystals.

2. In the excitation-level interval W = 3 X 10°-2X 10°
W/cm? at temperatures 7S 40 K the shape of the EHD band
with the maximum #iw,, = 2.268 eV does not depend on W
and 7. The band has characteristic recombination times
7= 30 + 3 nsec and a critical temperature 7, = 50 * ;K.

3. To determine the EHD parameters by comparing the
experiments with the theoretical calculation it is necessary
to choose correctly the parameters of the two-hump struc-
ture of the conduction band and the ratio of the phonon
emission probabilities in indirect transitions. The analytical-
ly obtained Fermi quasilevel values F, = 10 + 0.5 meV and
F, =32+2 meV, density n,=12X10" cm™ in the
EHD, and binding energy ¢ = 19 4+ 2 meV must be refined
to allow for the phonon dispersion and for heating of the
carriers in the EHD.

4. At quantum energies ~2.29 eV, near the short-wave
edge of the EHD band at high 7, an important role is as-
sumed by a recombination band assumed to be due to a low-
density electron-hole plasma.
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