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Emissions related to donor-bound excitons in highly purified zinc selenide single crystals
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Photoluminescence (PL), selective photoluminescence, and photoluminescence excitation (PLE)
spectra have been measured on high-purity ZnSe single crystals at 4.2 K. Zn-dip treatment at 973 K
for a week makes the I l line disappear and the effective temperature of free-exciton gas decrease from
8.4 to 5.6 K through an increase in the lifetime of the free excitons. Accurate agreement is found for
the transition energies of donor-bound excitons and their excited states with the values reported by
Dean et al. Accurate values are estimated for the effective-mass donor binding energy and the static
dielectric constant. The notable spectral feature in the PL spectra is that the emission intensities of
the I3 lines are higher than those of the I2 lines. The origin of I3, the recombination of the excitons
bound to ionized donors, is considered to be unreliable, judging from the donor-concentration depen-
dence of the intensity ratio between the Iz and I3 emission lines and the spectral change under a cw
dye-laser excitation with the energy below the band gap. PLE spectra show that the peaks related to
excited states of I~ exist in the PLE spectra for I3 in addition to the other peaks related to the excited
states of I3, and that the spectra for I3, is similar to that for I3„.

I. INTRODUCTION

Zinc selenide is one of the most promising materials for
fabricating a blue-light-emitting device with high
efticiency. Few successful techniques have been developed
for growing low-resistivity p-type crystals. For the
preparation of a low-resistivity crystal, high-purity ZnSe
single crystals with extremely low donor concentration
should be grown and then the doping effect of acceptor-
type impurities should be examined. From this point of
view, high-purity zinc selenide single crystals have been
grown' using commercial-grade high-purity selenium
and zinc purified by vacuum distillation and overlap zone
melting in our laboratory.

Photoluminescence (PL) spectra have been widely used
by many authors for qualitative evaluation of the purity
(especially, donor concentrations) of their ZnSe crystals.
Donors contribute to PL in the near-band-gap region in
various ways. The detected luminescence due to the re-
sulting transitions are very useful for the characteriza-
tion of chemical species of donors contained in the crys-
tals and donor states. In this case accurate values
should exist for the transition energies of donor-bound
excitons and their excited states. However, the transi-
tion energies previously reported are scattered.

Detailed studies of PL on ZnSe were first performed by
Merz et al. They determined the transition energies of
no-phonon donor-bound excitons and their excited states
and also donor binding energies and their excited levels.
On the other hand, Dean et al. reported about 0.25-meV
uniformly higher transition energies for the donor-bound
excitons. This energy displacement is too large to assign
the emission lines in measured PL spectra.

For the estimation of donor binding energies using a

hydrogenic model, the value of the effective-mass binding
energy (ED) is very important. The reported values of ED
are 28.8 meV (Ref. 4) and 26.06 meV (Ref. 5). Further-
more, the reported value of the static dielectric constant
(e, ) used for the estimation of ED is widely scattered from
8.66 (Ref. 4) or 8.8 (Ref. 6) to 9.14 (Ref. 5). The present
paper determines accurate energy values mentioned above
in ZnSe from the analysis of photoluminescence (PL),
selective photoluminescence (SPL), and photolumines-
cence excitation (PLE) spectra measured on high-purity
ZnSe single crystals grown by a vapor-phase transport
technique. '

In the previous papers on the evaluation of grown crys-
tals through PL measurements, it was found that the
emission due to the recombination of free excitons (RFE)
is much stronger than those of I2 and I3, and the peak en-
ergy of RFE emission is lowered by the Zn-dip treatment.
This change of RFE peak energy was explained by con-
sidering the increase of the free-exciton lifetime. The not-
able spectral feature observed is that the emission intensi-
ties of I3 lines are larger than those of I2 lines. This
phenomenon is quite different from the previous results
expected as the origin of I3 emission is a radiative recom-
bination of excitons bound to ionized donors.

In the present paper the more-detailed discussions are
given on emissions of RFE and donor-bound excitions.
The discussions are also given on the excited states of
donor-bound excitons (I2 and Iq) estimated from the PLE
spectra measured using a cw dye laser.

II. EXPERIMENTAL PROCEDURE

Zinc selenide polycrystal was synthesized at 1273 K in
a vacuum-sealed quartz ampoule using purified zinc'
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and commercial selenium of 99.999% purity (Mitsubishi
Metal Co.). The synthesized polycrystals were refined by
sublimitation method, and ZnSe single crystals were
grown by vapor-phase transport using a Zn reservoir
and a special shape growth chamber. Temperatures of
the source and crystallization chambers were kept at
1283 and 1278 K, respectively. Zn-dip treatment was
performed at 973 K for a week in a vacuum-sealed
quartz ampoule.

Samples for PL measurement were prepared by cleav-
ing the grown single crystals and etched at 363 K using a
solution consisting of three parts saturated aqueous solu-
tion (at 333 K) of K2Crq07 and two parts concentrated
H2SO4. The photoluminescence spectra were measured at
4.2 K using a double monochrometer having a resolution
of 0.06 meV, and ultraviolet light from a 2-kW Xe lamp
as the excitation source.

For the measurement of the PLE and SPL spectra, a
cw dye laser pumped by the uv lines of a Kr+-ion laser
was used as the excitation source. The output power is
controlled at a constant value, about 10 mW, as the wave-
length is tuned continuously from 420 to 450 nm with the
use of stilbene-3 dye. The value of the full width at half
maximum (FWHM) of the excitation light from the dye
laser was 0.3 meV.

III. EXPERIMENTAL RESULTS

A. Photoluminescence

Photoluminescence spectrum measured on as-grown
crystal is shown in Fig. 1(a). It should be noted that the
emission intensities of donor-bound excitons are remark-
ably small and the emission intensity of the radiative
recombinations of free excitons (RFE) is very strong.
This fact indicates that the purity of the grown crystal is
very high and that the donor concentration in this crys-
tal is very low. Furthermore, LO-phonon replicas of
free excitons (ex), ex —LO, and ex —2LO, are clearly ob-
served.

After the Zn-dip treatment, the PL spectrum changes
as shown in Fig. 1(b). The noteworthy spectral features

are that the I
&

line disappears, and the intensities of in-
trinsic emission s related to free excitons, ex —LO,
ex —2LO, ex —TO, ex —(LO+ TO), ex(n =2), and
ex( n =2) —LO, remarkably increase, where TO and
ex(n =2) represent TO phonon and the emission of radi-
ative recombination of free excitons in an excited state
(n =2), respectively. The emission intensity of ex —3LO
is estimated to be negligibly small although the emission
cannot be detected because of the superposition with the
D-A pair emission. The emission intensities of I2 and I3
relatively increase compared with those on the as-grown
crystal. This increase is known to be caused not by a
contamination but by the increase in the lifetime of the
free excitons due to the decrease of free-exciton trapping
by zinc vacancies, and by the increase in the isolated
donor concentration due to the decrease of donor-Vz„
associated defect concentration resulting from Zn-dip
treatment.

Other spectra changes caused by the Zn-dip treatment
are that the broad band around 2.5 —2.6 eV detected on
the as-grown crystal disappears and the D-3 pair emis-
sion band with its phonon replicas appears after the Zn-
dip treatment. In the present paper no discussion about
F emission and D -A pair emission will be given.

Figure 2 shows the PL spectra in the donor-bound exci-
ton region. Assignment of each emission line is per-
formed by reference to Merz et al. and Dean et al.
Their peak energies are tabulated in Table I. The values
of transition energies obtained in the present work are in
good agreement with those reported by Dean et al. , while
the values by Merz et al. are uniformly 0.25 meV lower
than the present values as pointed out by Dean et al. It
should be noted that the Zn-dip treatment decreases the
peak energy of RFE by about 0.2 meV. This means that
the lifetime of free excitons increases through the vanish-
ing of zinc vacancies as a scattering center for the free ex-
citons. Actually, the I~ line, which is strongly detected
on the as-grown crystal, disappears after the Zn-dip treat-
ment.
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FIG. 1. Photoluminescence spectra measured on (a) as-grown
ZnSe single crystal and (b) the crystal Zn-dip treated at 973 K
for a week. The emission due to radiative RFE has been labeled

FIG. 2. PL spectra in donor-bound-exciton region measured
on the ZnSe single crystals before and after Zn-dip treatment.
Note that the emission intensities of I3 are larger than those of I2
and the peak energy of RFE lowers after Zn-dip treatment.
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TABLE I. Transition energies of various bound-exciton no-phonon components. Reported values
are also shown. The peak energies of five unknown emissions Tl —T5 are also listed. Transition ener-

gy of I20 is obtained by the excitation spectrum of I3,' in the present paper.

Component
Transition energy (eV)

Merz et al. ' Dean et aI. Present work

IAl
20

I2oCl

IGa
20

I2o
I20

F

Al
I3w
IA1

3$

ICI
3
ClI3

ICl
3$

IGa3'
IG

3$

I In

I3$
FI3„

Tl
T2

T3
T4
T5

'Reference 4.
Reference 5.

2.797 54
2.797 45
2.797 18
2.796 97
2.796 9
2.796 53
2.796 15

2.796 14
2.795 74
2.795 18
2.794 77
2.794 29
2.793 88
2.793 88
2.793 48

2.79776
2.79770
2.79751
2.79722
2.79705

2.79655
2.7963 g

2.7959g

2.79452
2.79413

2.797 77
2.797 74
2.797 42
2.797 21

2.796 79
2.796 41

2.795 98
2.795 43
2.795 02
2.794 56
2.794 13

2.793 15
2.792 60
2.792 31
2.781 79
2.775 46

The spectral feature of particular note is that the emis-
sion intensities of I3 lines are larger than those of I2 lines.
This phenomenon is quite different from the results previ-
ously reported.

B. Selective photoluminescence

Selective photoluminescence spectra were measured un-
der the excitation at the energies of each I2 and I3 emis-
sion line. Figures 3 and 4 are the spectra measured in the
energy region just below the excitation energy and in that
of the two-electron transition, respectively. The I3 lines
of A1, Ga, and In are detected in Fig. 3. Five unknown
emissions labeled T~ to T5 are seen in the figures. The
peak energy of these emission lines are listed in Table I.

The emissions due to the two-electron-transition pro-
cess are clearly observed in Fig. 4 by tuning the excita-
tion energy to the energy of I2O' and Izp, while the exci-
tations at the energy of I3 do not show any additional
emission peak related to the two-electron transition.
The results of SPL spectra on other I3 lines are similar
to those of I3' and I3,'. It should be noted that the
emissions due to the two-electron transitions to 3s and
3p excited states are clearly observed in addition to those
to 2s and 2p excited states. Dean et al. also detected
two-electron transitions to 3s and 3p on In and Ga. In
the case of Al, this is the first observation on two-
electron transitions to the 3s and 3p states. The spectra
detected in the present experiments are more clear than
those reported by Dean et al.
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FIG. 3. Selective photoluminescence spectra. Arrows indi-

cate the excitation energy to which the dye laser is tuned. Tl,
T2, and T3 are unknown emission lines.
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FIG. 6. Photoluminescence excitation spectra of I3,' and I3'.
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FIG. 4. Selective photoluminescence spectra in two-electron
transition regions. E,„, denotes the excitation energy. The emis-
sions due to two electron transition to 3s and 3p donor excited
states as well as those to 2s and 2p excited states are clearly ob-
served, in the case that the excitation energy is tuned to I&0 emis-
sion lines. Two broad emission lines, T4 and T5, are unknown
emission lines.

C. Photoluminescence excitation spectra

Figure 5 shows the PLE spectra of I2o and Iqq'. In
both cases, sharp I2 peaks (o. =a, b, c, d, and e) reported
by Dean et al. , and I2p and Izp reported by Kasuya
et aI. ,

' are clearly seen. Among the I2 peaks, the peak

of Iq,' is the first observation in the present experiment.
Between Iqp and I2p, two broad peaks labeled I2F~ and
I2~2 are found in both cases of Al and Ga. Furthermore,
two broad peaks, I2~ and I2~, are also found in the ener-

gy region higher than I2p. The peak energies detected in
Fig. 5 are listed in Table II together with those previously
reported.

Photoluminescence excitation spectra on I3,' and I3'
are shown in Fig. 6. It is found that both spectra are
similar to that of I20, although the spectra have the ad-
ditional structure labeled I3E I I3E5 The spectral
feature in the low-energy region is that there are five I2
peaks, I2o and new peaks labeled I&z&, I3F'&, and I3F'3.
The peak energies of I2' and I2o detected in these spec-
tra are in good agreement with the values listed in Table
I within experimental error (0.06 meV), although the
peak intensities of I2,' and I2,' are relatively low com-
pared with the PLE spectrum on I2O.

In the case of the PLE spectra of I3,' and I3' shown
in Fig. 7, the peak intensities of I z

' are weak and rather
broad and that of I20 is strong compared with those of
I3F'$ and I3F'2 The assignment of the detected peaks is
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FIG. 5. Photoluminescence excitation spectra of I20 and I20'.
Ed, & denotes the fixed detection energy. FIG. 7. Photoluminescence excitation spectra of I3,' and I3„'.
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TABLE II. Transition energies of excited states of I2p, obtained from excitation spectra. In the
cases of C1 and In, the transition energies are obtained from their excitation spectra on I3+.

Component Merz et al. '
Transition energy (eV)

Dean et al. Kasuya et al. ' Present

IAI
2Q

IAl
2b

IA1
2c

I2dAl

IA1
2e

I2p
AlI2EI
AlI2E

I2ptAl

AlI2r
I2Al

IC1
2Q

I2bCI

Icl
2c

I2cl

IC1
2e

I2p
Cl

I2pCl

IGa
2Q

IGa
2b

IGa
2c

IGa
2d

IG2e
IGa

2P

I2E1Ga

I
I2p
IGa2r'
IGa26'

I2p
I2p,In

'Reference 4.
Reference 5.

'Reference 10.

2.798 16
2.799 99
2.800 90
2.801 18

2.798 10
2.799 98
2.800 90
2.801 19

2.797 90
2.799 92
2 ~ 800 91
2.801 19

2.797 79
2.799 83
2.800 85
2.801 13

2.79839
2.80021
2.80111
2.80138
2.80172

2.79836
2.80023

2.79823
2.80024
2.80123
2.80151

2.79805
2.8001p

2.8014p

2.814 45

2.816 70

2.814 40
2 ~ 816 82

2.814 30

2.817 01

2.814 28
2.817 12

2.798 41
2.800 23
2.801 07
2.801 35
2.801 73
2.814 29
2.815 01
2 ~ 815 43
2.816 53
2.819 73
2.820 81
2.798 42
2.800 20
2.801 18
2.801 46
2.801 82
2.814 23
2.816 75
2.798 24
2.800 22
2 ~ 801 23
2.801 53
2.801 90
2.814 24
2.815 15
2.815 65
2.816 82
2.819 77
2.820 96

2.814 21
2.816 92

performed by referring to their peak energies, although
I3+3 should be exchanged by I&z', taking into considera-
tion the similarity of the PLE spectra between I3,' and
I3' in the lower-energy region. On the other hand, the
structure in the higher-energy region is stronger and
sharper than those of I3,' and I3'. The difference of the
PLE spectra between I3 peaks of Al and Csa shows the
dependence of PLE spectra on I3 upon donor chemical
species. The tendency is made clearer by the compar-
ison with the PLE spectra on I3,' and I3", shown in Fig.
8. There should exist a trend that the donor element
with the lower mass number gives the higher peak inten-
sities in the lower-energy region. The trend is reversed
in the high-energy region.

The transition energies detected in the PLE spectra of
I3 are listed in Table III.
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TABLE III. Transition energies of I3 excited states.

Transition

line, F(E), is expressed' by

F(E)-E' exp( E—/kTf),

Component

I3E1Al

I3EZAl

I3E3Al

I3E4Al

I3E5Al

I3E1C1

I3E~Cl

I3E3Cl

I3E4Cl

I3E5C1

I3E6Cl

I3E7Cl

I3E1
I3E'P

I3E'3

I3E4
I3E'5

I3E6
IPg7
I3E8
I3E9
I3E10
Iln

I3E2
I3E3
I3E4
I3E5
I3E6
I3E7

energy
(eV)

2.797 23
2.797 42
2.798 15
2.816 83
2.817 07
2.797 30
2.797 48
2.798 13
2.814 96
2.815 46
2.81606
2.819 88
2.796 46
2.797 29
2.797 72
2.814 59
2.815 06
2.815 59
2.816 32
2.817 06
2.819 53
2.81993
2.71946
2.812 98
2.814 75
2.815 67
2.816 36
2.816 60
2.819 78

where E =E; —Eo is the kinetic energy of the excitons in
a band with bottom energy Eo. The first factor in Eq. (1)
is the density of states in the parabolic exciton band,
neglecting some minor corrections caused by the excitonic
polariton dispersion. With use of Eq. (1), the effective
temperature is estimated from the slope of the relation be-
tween ln[F(E)E '~ ] and E. Tf values of 8.4 and 5.6 K
are obtained in the RFE emission lines measured before
and after the Zn-dip treatment from the linear relations
shown in Fig. 9. This fact indicates directly the increase
in the lifetime of the free excitons. It should be noted
that the effective temperature of free-exciton gas is close to
the lattice temperature, in the case of the Zn-dip-treated
crystal.

The spectral feature in RFE lines shown in Fig. 2 is
that the excitonic polariton effect do not appear. Usual-
ly, the RFE line from the upper polariton branch is ob-
served as a shoulder of emission line from the lower po-
lariton branch. The RFE line observed in the present
experiment is thought to be all from the lower polariton
branch. The increase in the lifetime of the free excitons
causes the transition of the excitonic polariton from the
upper to the lower polariton branch through an
acoustic-phonon-assisted process. The straight lines ob-
tained in Fig. 9 are proof of this deduction. If the emis-
sion of the upper polariton branch exists, there should
appear a hump near about 2 meV of E on the plots of
Fig. 9 ~

B. Donor binding energy

IV. DISCUSSION

A. Emissions related to free excitons

Comparing the PL spectra shown in Fig. 1, the I~ line
disappears and the emission related to free excitons be-
comes strong after the Zn-dip treatment. Huang et al. "
suggested from their ingenious experiments that there ex-
ist two origins for I ~ emission, Cuz and Vz It is con-
sidered that the origin of I ~ observed in the present exper-
iment on the as-grown crystal is Vz„~ Zn-dip treatment
decreases the concentration of Vz„as a scattering center
for free excitons. Consequently, the lifetime of the free
excitons increases.

If the lifetime of the free excitons increases, the effective
temperature of the free-exciton gas will decrease and then
the distribution of the free exciton, on the excitonic polari-
ton dispersion, will shift towards the lower-energy side as
the wave vector of the excitonic polariton decreases. Ac-
tually, the peak energy of the RFE is lowered by about
0.2 meV after the Zn-dip treatment as shown in Fig. 2.
The effective temperatures of free-exciton gas are estimat-
ed from their RFE emission line to make the situation
more clear.

Using the effective temperature of the free excitons, Tf,
the shape of the zero-phonon free-exciton luminescence
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O e-y~o~~o

O~O

E(meV}

FIG. 9. Relation between ln[F(E)/E'~ ] and E. The result-
ing plots show linear relationships, the slope being (kTf )

As mentioned in Sec. III B, the emissions due to two-
electron transitions to 3s and 3p excited states on Al and
Ga donors, as well as those to 2s and 2p excited states,
are clearly seen in Fig. 4. Dean et al. found those to 3s
and 3p excited states on Ga and In donors. The energy
displacements between the tuned excitation energy and
the emission peaks due to two-electron transitions of each
donor are given in Table IV together with those reported
previously. It is known that the values obtained in the
present experiment are consistent with those reported pre-
viously.
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TABLE IV. Donor excitation energies and donor binding energies.

Donor

Al

Reference

Present work

Dean et al. '
Merz et al.
Kasuya et al. '

2s —1s

18.91

18.84
18.87
18.91

19.14 22.59

19.12
19.14
19.16

Excitation energy (meV)
2p —1s 3s —ls 3p —1s

22.75 25.66'
26.95

25.65'
26.34b

25.64'
26.3b

Binding energy (meV)
E g Eg g

Cl Dean et al. '
Merz et al.
Kasuya et al. '

19.36
19.35
19.32

19.67
19.66
19.71

26. 19'
26.9b

Present work

Dean et al. '
Merz et al.
Kasuya et al. '

20.16

20.18
20.22
20.18

20.72

20.71
20.72
20.78

24. 18

24. 13

24.37

24.33

27.27'
27.57

27.24'
27.91
27.23'
279

In Present work
Dean et al. '
Merz et al.
Kasuya et al. '

20.92
20.91
20.89
20.90

21.71
21.68
21.70
21.75

25.03 25.32
28.23'
28.20'
28.9

'Calculated with ED =26.06.
Calculated with ED =28.8.

'Reference 5.
Reference 4.

'Reference 10.

Dean et al. suggested that the energy difference be-
tween 2p and 3p donor states should deduce the value of
the effective-mass donor binding energy ED of
26.06+0. 15 meV, which is significantly smaller than the
value reported by Merz et al. ED ——28. 8+2.4 meV.
Consequently, the values of donor binding energy ED re-
ported by Merz et al. are higher than those by Dean
et al. , since ED is assessed from adding the binding ener-

gy of the 2p state of ED/4 to the measured energy
difference of E(2p —ls) (ED values obtained in this way
are represented as ED* in Table IV). The value of ED
can be also estimated in the form of ED =E(3p —ls)
+ED /9. Taking into consideration the central cell
effect, ED can be considered to be reliable rather than
ED*. If the value of ED is accurate, the calculated
values of ED should be equal to that of ED*. As shown
in Table IV, the values of ED are in good agreement
with those of ED* in the case of ED ——26.06. This fact
supports the suggestion by Dean et al. , except there in-
sistence on the dielectric constant.

Effective-mass donor binding energy is calculated using
the relationship

ED =(m,*/F., )EI, (2)

TABLE V. The values of m,* and e, for the calculation of
the effective-mass donor binding energy ED.

Authors m,* Eo

et al. estimated the value of ED as 28.8 meV with refer-
ence to the unpublished value 8.66 for e, . On the other
hand, Dean et al. insisted, from their m,* value and ED
estimated from the energy difference between 2p and 3p
donor states, that the value of e, should be 9.14. Re-
cently, Ohyama et al. ' obtained 0.145m for a m,' value
from their first cyclotron resonance study on ZnSe. Us-
ing this value of m,* and 26.06 of ED, we can obtain 8.70
for e„which is very close to the value of 8.66 by
Roberts and Marple cited by Merz et al.

Neumark estimated the value of e, as 8.8 from a de-
tailed analysis of pair spectra measured on Na-doped
ZnSe crystals and the obtained value of e, is close to the
value estimated in the present paper. Neumark et al. '

estimated, however, the ED as 28 meV using m,*

=0. 16m and e, =8.8. We can conclude that the reliable
values of m,*, e„and ED are 0.145m (Ref. 13), 8.70, and
26.06 (Ref. 5), respectively. Consequently, the reliable

where E~, m,*, and e, are the binding energy of the hy-
drogen atom, the electron effective mass, and the dielec-
tric constant, respectively. The values of m,' and e,
used for calculating values of ED are listed in Table V.
Merz et al. " and Dean et al. obtained 0.16m for m,*

from their own experiments on the Zeeman effect. Merz

Merz et al. '
Dean et al.
Present work

'Reference 4.
Reference 5.

0.16
0.16
0.145

8.66
9.14
8.70

28.8
26.06
26.06
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values of the donor binding energy of ZnSe are those re-
ported by Dean et al.

~ Zn-d~p

o as- grown

05—

a
0

0 X

C. Luminescence of I3

As mentioned in Sec. III A, a noteworthy spectral
feature in the donor-bound-exciton emission spectra
shown in Fig. 3 is the inversion of the emission intensi-
ties between I2 and I3 compared with the reported spec-
tra measured on the ZnSe crystals. The intensity ratio is
found to be dependent on the purity of the crystals,
especially on the donor concentration ND. Figure 10 in-
dicates the dependence of the emission intensity ratio
I3/Ip on the emission intensity of I2 line normalized by
that of each RFE line. The value of Iz/I(ex) is not pro-
portional to ND, but is a function of ND. It is obvious
that the decrease in ND causes a relative increase in the
emission intensity of I3 by more than 2 orders.

Donor species in ZnSe crystal are, in general, substan-
tially compensated at equilibrium. However, they have a
very large cross section for the capture of free electrons at
low temperatures due to their Coulomb attraction poten-
tial. This means that a large portion of donors should be
photoneutralized under continuous photoexcitation with

the energy higher than the Eg of ZnSe as adopted in the
present experiments.

Considering the recombination process of the photoex-
cited free carriers, the main process for producing ionized
donors is considered to be D-2 pair recombination. The
lower concentration of impurities gives the larger displace-
ment between donor and acceptor in the crystal. This
means that the photoneutralized donors in the higher-

purity crystals have a longer lifetime compared with those
in less-pure crystals. This consideration is inconsistent

~ ~

I—
F)
UJ

lGa
2P

ex

with the donor concentration dependence of the emission
intensity ratio between I2 and I3 shown in Fig. 10.

Dean et aI. suggested that the free holes produced
through the photoexcitation could increase ionized donors
by capturing at neutral donors nonradiatively. However,
their suggestion cannot explain our result, because the
probability of free holes at neutral donors should not
change by more than 2 orders through the changes of ND
and N~. If the ionization of the photoneutralized donors
is caused mainly by the capture of free holes, the emission
intensity ratio between I2 and I3 will be dependent on the
intensity of the excitation light. Such a dependence is not
observed in the present experiment, though the excitation
intensity is changed by 2 orders in additional experiments.

To make the situation more clear, the PL spectrum
was measured under the excitation by the light from a
cw dye laser with the energy of 2.811 eV, where there is
no excited state of donor-bound excitons as shown in

Fig. 5 —8. Excitation of 2.811 eV, lower than E~, creates
only free excitons of the n = 1 state with appropriate ki-
netic energy. In this case, free carriers seldom are creat-
ed and photoneutralization does not occur. If the origin
of the I3 emission is the ionized donor, it would be ex-
pected, under such an excitation, that the emission in-
tensities of I3 lines should increase relatively and the
emission intensity ratio between I2 and I3 should settle
down at a value determined by a compensation ratio of
the specimen. Figure 11 shows the spectrum measured
under such a condition. It is clear that the intensities of
the I3 lines are rather lower compared with the spectra
shown in Fig. 2.

As mentioned above, all the results obtained in the
present experiments are contrary to the results expected
as the origin of the I3 emissions is the radiative recom-
bination of the excitons bound to ionized donor as pro-
posed by Merz et aI. Recently, the temperature depen-
dence of the electron relaxation time was reported by
Ohyama et al. ' from the linewidth broadening of the
cyclotron resonance absorption of photoexcited elec-
trons. Their result does not show any contribution of
ionized impurity scattering under the photoexcitation
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0.05—
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X
W

2.793

l
Ga
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IG
3w

2.795
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a l~b

e I e

2.800
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o.oi
0.05 0.1

I

0.5 1

I2 / l (ex)
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FIG. 10. Relation between the emission intensity ratio I3/I2
and the emission intensity of I2 normalized to that of RFE.

FIG. 11. Photoluminescence spectrum measured under the

excitation using the light from the dye laser with the energy

tuned to 2.811 eV. Note that the intensities of I3 emission lines

remarkably decrease compared with the spectra shown in Fig. 2,
which are measured under the excitation with the energy higher

than band-gap energy.
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with the energy higher than Eg. This means directly the
absence of the nonradiative hole capture at photoneu-
tralized donors.

The chemical species of each donor-bound-exciton line
in the spectra in Fig. 2 are consistent with the result ob-
tained by Merz et aI. , because it is found that the usage
of crystals of different concentrations of only aluminum
causes the change of relative emission intensities related
to only aluminum, Izp, I3,', I3', and I2 ' without change
in these relative intensities. Furthermore, the selective
excitation spectra excited at each donor-bound-exciton
line are also consistent with the results by Merz et al.
These results indicate that the contradictions to the ori-
gin of I3 emission, mentioned in the present paper,
might not be caused by the misapprehension as the emis-
sions due to isoelectronic trap of nitrogen in GaP were
assigned to I3 emission. '

Unfortunately, detailed Zeeman-effect measurements on
I3 lines have not been made in the case of ZnSe. Further
experimental and theoretical investigations must be done
to make the situation more clear.

D. Excited states of I2 and I3

Dean et al. and Kasuya et al. ' reported the excited
spectra of Iz lines using cw tunable dye lasers. As shown
in Fig. 5, five I2 peaks are clearly detected on each
donor. These results are consistent with the results by
Dean et al. On the other hand, I2p and I2p peaks are
also clearly observed as reported by Kasuya et al.

Kasuya et al. ' assigned I2p and I2p to the states of the
excited donor-bound exciton denoted as (X zD ~, ) and

(X~„Dz, ), respectively, where X~, and D~, indicate the
excitons and neutral donors at ground state, respectively,
and the subscript 2s shows that there exist at the 2s excit-
ed state. The energy locations of I2p and I2p can be ex-
pressed as

and

E(Izp)-E (I20)+ [E (Xz, ) E(X&,)]—
E (Iz/3 ) —E (Izo ) + [E(Dzs ) E(D ), )], —

(3)

(4)

where E(X„,) and E(D„, ) are the energy levels of exciton
and donor at the ns excited state, respectively. Although
the chemical shifts exist up to 1.86 meV for each donor,
the calculated values agree well with the energies of I2p
and I2p. '

By an analogy with the above discussion, the origins
of I2~ and Iz& can be considered to be related to higher
excited states of donor-bound excitons. The calculated
values of higher excited states for Al and Ga are shown
in Table VI. The energies of (X3, ,D„) and (X4, ,D~, )

are calculated from the binding energy of exciton
Ez ——19 meV, ' assuming Rydberg series for 3s and 4s
exciton levels. The energies of (X„,D3, ) are directly ob-
tained from the measured values of E(3s —ls) listed in
Table IV. For estimating the values of E(4s —ls), it is
assumed that the 4s donor levels are obtained by adding
the energy differences between ED(n =4) and ED(n =3)
of the effective-mass donor to those of E(3p —ls). Per-
mit ting the chemical-shift values slightly larger than
those existing in the case of I213 and Iz&, it can be de-

TABLE VI. Calculated transition energies of the higher excit-
ed states of neutral donor-bound excitons for Al, Ga, and In
donors.

Excited state Al In

(X3„D),)
(X4„D1,)
(Xl„D3, )

(Xl„D4, )

2.814 66
2.815 58
2.820 36
2.821 79

2.814 31
2.815 23
2.821 60
2.823 04

2.814 10
2.815 02
2.822 24
2.823 80
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FIG. 12. Selective photoluminescence spectra. E,„, means

the excitation energy. Some electronic Raman lines overlap with

the donor-bound-exciton emission lines. The peak energy of the
electronic Raman lines shift as illustrated by solid lines through
the change of the excitation energy. Note that the emission in-

tensities of I o are relatively high compared with the spectrum
shown in Fig. 2.

duced that Izz and Izs originate in (X~, , D3, ) and
(X„,D4, ), respectively. Using these models, the
broadening of these peaks can be explained due to nar-
rower discrete energy levels in the excited states of
7l ) 3.

Between I2p and I2p, there exist two peaks labeled I2~1
and I2~2. These are considered to belong to each donor,
considering the selective excitation spectra at I2~1 and
I2F2 as shown in Fig. 12. Although the spectra are com-
plicated because of the superposition of some electronic
Raman spectra, it is obvious that the emission intensity of
I2O in both spectra is relatively stronger than that of Iqp'.
This means that the two peaks in excitation spectra of I2o
belong to the excited states of I2o. Similar results are ob-
tained on I2O'. These may correspond to the vibronic or
rotational levels of I213, as considered on I2 excited levels

18—20

Excited states of I3 are more complicated than those
of I, . It is known, from the PLE spectra on I3, and I3
that the excited levels of I3, are similar to those of I3„
and that the excited levels of I3 states include those of
I2p of corresponding donor species. This fact might
mean that the emissions of I3 occur at the same center
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as I2 emissions of the corresponding donor. If the emis-
sions of I2 and I3 occur at different centers, energy
transfer from the I2 center to the I3 center should be
needed. Such an energy transfer is more unlikely to
occur on the purer crystals. This is contradictory to the
experimental fact that the emission intensities of I3 lines
become relatively stronger with the increase of the speci-
men purity as shown in Fig. 10.

This deduction mentioned above is one of the possible
speculations. More-detailed experimental and theoretical
studies are required to understand the excited levels of I3
and also to make the situation concerning the origin of I3
emissions clearer.
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