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When ZnSe is dopedp type by the incorporation of nitrogen, a compensation process sets in for effective
acceptor concentrations between 1017 and 1018 cm23. It is generally agreed that this is due to the creation of
compensating donors which have been reported to lie at a depth of about 45 meV. It has previously been shown
from optically detected magnetic resonance and spin-flip Raman-scattering experiments that these donors have
a gyromagnetic ratio~g value! of about 1.4, compared with theg value of 1.1 for the more usual shallow
donors~which lie at about 26 meV!. We report here a systematic study of a series of ZnSe layers~grown by
molecular-beam epitaxy! in which the nitrogen concentration is gradually increased, and we confirm the
correlation between the onset of the compensation~at an effective acceptor concentration of about 1.731017

cm23! and the appearance of the 45-meV donor. The spin-flip Raman scattering is a resonance process that
requires the laser energy to coincide with the excitonic transition associated with the donor, and we have
exploited this effect to determine the difference in the localization energies of excitons bound at the two types
of donor. The results show that Haynes’s rule is obeyed for donor depthsED extending at least to 45 meV, the
exciton localization energy being 0.20ED .

I. INTRODUCTION

Recently there have been many attempts to obtain low
conductivityp-type ZnSe through the incorporation of nitro-
gen, both in specimens grown by molecular-beam epitaxy
~MBE!,1,2 and in those produced by metal-organic vapor-
phase epitaxy~MOVPE!.3 In all cases the effective room-
temperature acceptor concentration (NA-ND) appears to be-
come saturated at a level between 1017 and 1018 cm23, even
though the nitrogen itself can be present in the material in
amounts of up to two orders of magnitude greater than this.4

Nevertheless, nitrogen still remains the most promising
p-type dopant for ZnSe, and the use of this material in blue/
green lasers makes it particularly important to understand the
mechanisms that limit the electrically active acceptor con-
centration. The problem is somewhat complicated, since
there is considerable evidence both for the formation of com-
pensating donor centers as the nitrogen doping is increased,
and for the formation of deep acceptors that are not ionized
at room temperature.5–7

The present investigation concerns compensating donors
that appear as the nitrogen content exceeds 1017 cm23. Our
specimens were grown by MBE and doped with nitrogen
from a rf discharge source. In a previous investigation8 of
nitrogen-doped material grown by a similar method but at a
different laboratory, we used spin-flip Raman~SFR! scatter-
ing by electrons at neutral donors to confirm the existence of
two distinct types of donor centers each characterized by its
particular value of the gyromagnetic ratio~g value! that de-
scribes the splitting of the spin states in a magnetic field.
Thus the donors that are usually obtained in ZnSe as a result
of impurity incorporation in even the best material are found
to have a depth of about 26 meV below the conduction band

~values of between 25 and 29 meV have been reported, de-
pending on the nature of the impurity9–11!, and have ag
value of about 1.1,12,13which is the value predicted for free
electrons in ZnSe:14 in contrast, those that appear when high
levels of nitrogen are incorporated have a depth of about 45
meV @different authors report values in the range 40–57
meV ~Refs. 5–7 and 15!# and ag value of about 1.4.8,15Both
types of donors can be observed directly not only by the SFR
~Refs. 8 and 13! experiments but also by optically detected
magnetic resonance~ODMR!.12,15,16

In the present investigation we have used electron SFR to
study a series of ZnSe layers in which the nitrogen concen-
tration is gradually increased so as to provide a range of
effective acceptor concentrations in the critical region be-
tween 1.231017 and 1.831017 cm23. We are thus able to
follow the appearance of the compensating donor in more
detail than previously. In addition, we have investigated in
detail the manner in which different SFR signals are en-
hanced when the laser energy is adjusted to be in resonance
with different excitonic transitions: in this way, we have
been able to distinguish between excitons bound to the two
types of donors, and to establish the validity of Haynes’s
rule17 in this context.

II. EXPERIMENTAL DETAILS

A. Specimen growth

The ZnSe layers were produced at Heriot-Watt by MBE
on ~001! GaAs substrates. The growth temperature was
280 °C. Solid sources of zinc and selenium were used and
the growth rate was about 0.5mm per hour. The nitrogen was
incorporated by using an Oxford Applied Instruments radio-
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frequency plasma source, the dopant level being controlled
through adjustment of the radio-frequency power. The doped
zinc selenide was grown directly on to the substrate, there
being no buffer layer. The ZnSe layer thicknesses and the
effective acceptor concentrations~measured by photochemi-
cal capacitance-voltage techniques18! are given in Table I.

B. Optical experiments

The measurements were made at the University of East
Anglia with the specimens in superfluid helium at 1.5 K.
Photoluminescence~PL! was excited with 2.88-eV light
from a Stilbene 3 dye laser pumped by ultraviolet argon-ion
radiation. For the Raman experiments, the dye laser wave-
length was set to the region of the excitonic transitions
~2.76–2.82 eV!. The Raman spectra were obtained in back-
scattering geometry with the laser incident normally to the
layers, and with the magnetic field in the layer plane~in the
110 direction!.

1. Photoluminescence spectra

The PL spectra from the four specimens are characterized
by excitonic and donor-acceptor pair~DAP! recombination
transitions. In Fig. 1 we give the excitonic region of the PL
spectrum from specimen 3:A0X denotes the line due to ex-
citons bound to neutral acceptors,19 and the band markedC
has been attributed to recombination from exciton
complexes.20 The inset to the figure shows the DAP signals
with their series of phonon replicas~2.55–2.72 eV! for all
three specimens. As the nitrogen level is increased, the series
of donor-acceptor lines with its leading signal at 2.700 eV
gradually disappears, and is replaced by a series starting at
2.685 eV. This phenomenon has been observed by several
groups studying nitrogen-doped ZnSe.5–7 Care needs to be
taken when analyzing these spectra, since the distributions of
donor-acceptor separations~and hence the Coulomb contri-
butions to the recombination energies! are not known. How-
ever, the first series is usually attributed to recombination
involving shallow impurity donors at a depth of about 26
meV, and nitrogen acceptors at about 111 meV~Ref. 21!
above the valence band, while the second is generally
thought to be due to recombination involving the nitrogen
acceptors and a second donor at about 45 meV~the different
depths reported by various authors5–7 probably reflect varia-
tions in the spatial distribution of the donor-acceptor pairs
and differences in excitation conditions!. As can be seen
from the PL spectra, the second donor becomes increasingly
important as the nitrogen concentration becomes larger, and
is generally believed to be responsible for onset of the com-
pensation process at (NA-ND) of about 1.731017 cm23.1–4

2. Spin-flip Raman scattering

The SFR spectra for specimens 1 and 4 are shown in Figs.
2~a! and 2~b!. In each case the splitting 2DE between the
Stokes and anti-Stokes signals is proportional to the applied
magnetic fieldB, and can be written 2DE52gmBB, where
mB is the Bohr magneton. It is found that the values ofg for
the two specimens differ. Following our previous Raman

TABLE I. ZnSe specimens used in the investigation. The figures in parentheses indicate the growth
number.

Specimen
number

Thickness
~mm!

rf power
~W!

(NA-ND)
~cm23!

g51.1
signal

g51.4
signal

1 ~490! 0.9 100 1.231017 yes no
2 ~492! 1.0 150 1.631017 yes yes~weak!
3 ~491! 0.8 200 1.731017 yes yes
4 ~493! 1.0 250 1.831017 no yes

FIG. 1. The excitonic part of the PL spectrum at 1.5 K from the
ZnSe specimen number 3. The laser excitation energy for spectrum
(a) was 2.88 eV. The inset shows the part of the PL spectrum that
contains the donor-acceptor recombination transitions, for all four
specimens in the order~downwards! of increasing nitrogen content.
Also shown in the main part of the figure are the resonance energies
for the two types of spin-flip Raman scattering and~b! part of the
PL spectrum from sample number 3 when the laser energy is
changed to 2.802 eV@unlike the other spectra in this diagram,
which were in zero magnetic field, PL spectrum (b) was taken at 6
T, so as to facilitate comparison with the Raman resonance energies
discussed in the text#. TransitionFX is due to recombination of free
excitons, the signal markedA0X and its phonon replicaA0X-LO are
due to excitonic recombination at neutral acceptors, and the line
marked 3LO is a Raman line due to scattering by phonons. LinesC
andC8 are unidentified but are believed to be associated with the
nitrogen doping.
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study8 and guided by the ODMR results,12,15,16we attribute
the g value of 1.1060.04 to the donor at 26 meV, and the
g-value of 1.3960.04 to the~compensating! donors at 45
meV.

Experimentally, each SFR signal appears only when the
laser is set to a certain energy. This is a result of the enhance-
ment of the scattering cross section that occurs when the
incoming photon energy coincides with the energy of an ap-
propriate excited state.22 In the present case, the excited
states are those formed by the creation of an exciton bound
to a neutral donor. The exciton is therefore formed from two
electrons~which are assumed to be spin paired in the exciton
state of lowest energy! and a hole, so that the exciton spin
states are those of a hole. The ZnSe layers in our specimens
are sufficiently thick for us to assume that they are
relaxed;23,24 however, the different thermal expansion coef-
ficients of ZnSe and GaAs substrate are expected to lead to a
biaxial tensile strain of the ZnSe layers of up to10.1%, such
that the exciton states formed from the light holes lie lower
in energy by about 2 meV.23–25 A further complication is
that, in our experiment, the magnetic field is in the plane of
the layer and therefore mixes the light- and heavy-hole
states.

The resonance effect for the spin-flip scattering of elec-
trons bound at neutral donors does not appear to have been
studied in detail for ZnSe. In the case of ZnTe the selectivity
of the resonance process has been demonstrated clearly
through the observation of spin-flip scattering by electrons
and holes when the laser tuned to the transitions of excitons
bound, respectively, at neutral donors and at neutral
acceptors.26 As described below, we make use of a similar
selectivity to distinguish between the excitonic transitions
associated with the two types of donors in our ZnSe speci-
mens.

A key feature of the SFR spectra is that the laser energy
required to obtain resonance in specimen 1@Fig. 2~a!# is
different from that required for specimen 4@Fig. 2~b!#. This
is entirely consistent with the hypothesis that two different
kinds of donor are involved, since the binding energy of
excitons to neutral donors is expected to depend on the depth
beneath the conduction band of the donor itself. That this is
not an effect caused by changing from one specimen to an-
other is demonstrated clearly by the SFR spectra in Figs. 2~c!
and 2~d!, which are both from thesamespecimen~number
3!, but were obtained by retuning the laser from 2.7981 eV,
for which the signals withg51.10 were observed, to 2.7949
eV, which resulted in the lines withg51.39. In the main part
of Fig. 1, we indicate by arrows the laser energies for which
each of these SFR signals can be obtained.

By tuning the laser in this way, it was found that signals
from the shallow donor could be observed in the specimens
with (NA-ND) up to and including 1.731017 cm23, whereas
the deeper donor is detectable for (NA-ND) greater than
1.631017 cm23. In a previous study8 on material produced
by MBE at the Matsushita Laboratories, the shallow donor
could be observed in a specimen with an effective acceptor
concentrations of 1.031017 cm23 but not for one with
4.331017 cm23 in the former of these samples, SFR signals
from the deeper donor could just be detected, being much
stronger in the latter. The appearance of the deeper donor
therefore appears to be correlated with the difficulty of ob-
taining values of (NA-ND) greater than midway between
1017 and 1018 cm23: the behavior of the SFR signals is fully
consistent with that of the donor-acceptor PL spectra in this
respect. For the SFR signals to be observed, the donors must
be in the neutral state, as they must also be in order to re-
combine with acceptors to produce the characteristic pair
emission spectra of the inset to Fig. 1. It therefore appears
that, as the concentration of deeper donors increases, elec-
trons that would otherwise become trapped at the shallow
impurity donors become localized instead at the deeper ones,
resulting in changes that are seen in both the SFR and PL
spectra. The lifetime of the electrons photoexcited to the
neutral state will not be well defined~since the dynamics of
the pair recombination process depend on the distribution of
interpair separations!, but it is clear from the fact that ODMR
signals with linewidths of order 1meV ~20 mT forg51 at 9
GHz! can be observed15 from similar specimens that a sig-
nificant number of electrons must remain at the donors for at
least 1028 s.27 Neither the ODMR technique nor the present
SFR experiments yield information on the concentration of
donor centers~of either type!, but it is clear that if the deeper
donor is to provide compensation that limits the effective
value of (NA-ND) in the observed manner, it must itself

FIG. 2. SFR spectra for~a! specimen 1 and~b! specimen num-
ber 4. The laser energies were 2.7981 and 2.7949 eV, respectively,
and the laser was attenuated to record the central part of the spec-
trum, which is due to elastically scattered light. The SFR spectra
shown in~c! and~d! are both for thesamespecimen~number 3!, but
with the laser set respectively to 2.7981 and 2.7949 eV. In all cases,
the magnetic field was 6 T and the temperature 1.5 K. For all four
specimens, the Raman shifts are proportional to the value of the
magnetic field. The diagram demonstrates clearly that different
resonance energies are found for the two SFR signals.
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become present in concentrations in excess of 1017 cm23.
The study of the resonance behavior of the SFR transi-

tions makes it possible to distinguish between the energies of
the transitions associated with excitons bound at different
neutral donors. If Haynes’ rule17 is obeyed, these energies
should be linearly dependent on the donor depth. In Fig. 3
we show the energies of the recombination transitions for
excitons trapped at a number of neutral shallow donors,9–11

together with exciton transition energies obtained from the
current study, plotted as a function of the donor depth@the
recombination energies of the excitons bound at shallow do-
nors such as gallium are those obtained by PL~Refs. 9–11!
for unstrainedmaterial#. For a given donor impurity, we do
not know which of the excitonic states leads to the resonance
effect: we therefore cannot necessarily expect the PL recom-
bination energy of the bound exciton to coincide exactly with
the energy required for resonance enhancement of the SFR
signal. A further complication in comparing our results with
those from unstrained material is that the biaxial tensile
strain in our epitaxial layers will cause additional small shifts
in the excitonic transition energies. Yet another complication
arises since our data are obtained in magnetic fields, the line
positions being subject to Zeeman and diamagnetic shifts.
Rather than attempt to calculate the combined shifts due to
all these effects~which would involve several unknown fac-
tors!, we have adopted the following procedure. To construct
Fig. 3 we have shifted the laser energy~2.7981 eV! required
to obtain the SFR signals withg51.10 in our layers so that it
coincides with the average transition energy~2.7975 eV!

observed10 for the PL transition of excitons bound to shallow
donors inunstrainedmaterial; in other words, we have made
our data point for shallow donors coincide with that obtained
in the PL studies in unstrained material, We now make the
reasonable assumption that the excitonic states that lead to
our two observed resonance energies differ only in that they
involve excitons bound to donors of differing depths. The
strain and diamagnetic effects will be very similar in the two
cases, and we can therefore adopt the same procedure~of
subtracting 0.7 meV from the resonance energy! in order to
plot the point corresponding to the deep donor in Fig. 3~in
which the vertical axis refers to the excitonic transition en-
ergies obtained from PL studies10!. Figure 3 thus represents
the situation for notional unstrained ZnSe.

From Fig. 3 we now see that Haynes’s rule~a linear de-
pendence of exciton energy on the depth of the donor at
which the exciton is localized! is obeyed to within the ex-
perimental accuracy, and that the localization energy of an
exciton at a neutral donor is 0.20 times the donor binding
energy.

Given the energies~Fig. 1! needed to obtain resonance
with the exciton transitions, we finally searched for PL sig-
nals that could be associated with excitons bound at two
types of donor. In the main part of Fig. 1, we show part of
the PL spectrum when the laser is set to 2.802 eV~coincid-
ing with the free exciton transitions! and the field is set to 6
T. Two sharp features are observed~at 2.797 and 2.794 eV!
which we tentatively attribute, respectively, to the recombi-
nation of excitons bound at shallow donors~at about 25
meV! and at the deeper donors~at about 45 meV!. Support-
ing evidence for this attribution is provided by the fact that
the 2.794-eV PL is observed only in the specimens that show
the SFR signal with ag value of 1.39. If the attribution is
correct, there appear to be Stokes shifts between the reso-
nance energies and the PL signals~such shifts would arise,
for example, if the resonance transitions involved compo-
nents of the exciton spin multipletsother than the ones that
lie lowest in energy!.

The present investigation has concerned the SFR scatter-
ing by electrons. We note however, that, in a separate speci-
men~grown by MOVPE!, SFR scattering has been observed
from holes at the nitrogen acceptors themselves.28 Here the
laser has to be set to resonance with the transition energy of
excitons bound at the neutral acceptors~the A0X line!, fur-
ther illustrating the potential for using resonance SFR spec-
troscopy as a means of studying selectively the different cen-
ters involved in optical processes in these materials.

III. CONCLUSIONS

The present work provides strong confirmation of the
model in which the onset of the saturation of the effective
acceptor concentration in nitrogen-doped ZnSe is caused by
the creation of a compensating donor at a depth of about 45
meV. The electrons bound at these donors have ag value of
1.39 and the appearance of the corresponding SFR signals is
strongly correlated with the difficulty of increasing (NA-ND)
beyond the mid-1017-cm23 range. The result is consistent
with that obtained in our previous study8of specimens grown
at a different source.

The fact that different donors are involved is confirmed

FIG. 3. Transition energies of excitons bound at neutral donors
as a function of donor depth. Data for the shallow donors~i.e., those
with depths of about 25 meV! are from the PL experiments reported
in Ref. 10, as is the free-exciton energy. Taking the free-exciton
energy as zero, the localization energy of the exciton is shown on
the right-hand vertical axis. The present experiments extend the
graph to a donor depth of approximately 45 meV, and establish the
validity of Haynes’s rule over this range. The inset shows an ex-
panded version of the region that involves the shallow donors.
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by the different resonance behavior of the two signals. The
difference in the resonance energies has enabled us to infer a
difference in the corresponding localization energies and
hence to establish the validity of Haynes’s rule for excitons
bound at neutral donors in ZnSe over a range of donor depths
considerably greater than previously studied.
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