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Spin-flip Raman-scattering studies of compensating donor centers in nitrogen-doped zinc selenide
grown by molecular-beam epitaxy
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When ZnSe is dopeg type by the incorporation of nitrogen, a compensation process sets in for effective
acceptor concentrations between18nd 138 cm™3. 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 ratigg valug of about 1.4, compared with thg value of 1.1 for the more usual shallow
donors(which lie at about 26 me)/ We report here a systematic study of a series of ZnSe ldgeosvn by
molecular-beam epitayyin which the nitrogen concentration is gradually increased, and we confirm the
correlation between the onset of the compensatitran effective acceptor concentration of about<i1@’
cm %) 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 dEptlestending at least to 45 meV, the
exciton localization energy being 02§ .

I. INTRODUCTION (values of between 25 and 29 meV have been reported, de-
pending on the nature of the impurify!y, and have g

Recently there have been many attempts to obtain lowalue of about 1.32*which is the value predicted for free
conductivity p-type ZnSe through the incorporation of nitro- electrons in ZnSé? in contrast, those that appear when high
gen, both in specimens grown by molecular-beam epitaxyevels of nitrogen are incorporated have a depth of about 45
(MBE),>? and in those produced by metal-organic vapor-meV [different authors report values in the range 40-57
phase epitax{MOVPE).% In all cases the effective room- meV (Refs. 5-7 and 1§ and ag value of about 1.%°Both
temperature acceptor concentratiofi,Np) appears to be- types of donors can be observed directly not only by the SFR
come saturated at a level betweert2énd 16°cm 3, even  (Refs. 8 and 1Bexperiments but also by optically detected
though the nitrogen itself can be present in the material irmagnetic resonand@®DMR).1#15:1¢
amounts of up to two orders of magnitude greater than’this. In the present investigation we have used electron SFR to
Nevertheless, nitrogen still remains the most promisingstudy a series of ZnSe layers in which the nitrogen concen-
p-type dopant for ZnSe, and the use of this material in bluetration is gradually increased so as to provide a range of
green lasers makes it particularly important to understand theffective acceptor concentrations in the critical region be-
mechanisms that limit the electrically active acceptor contween 1.%10' and 1.8<10"" cm 3. We are thus able to
centration. The problem is somewhat complicated, sincdollow the appearance of the compensating donor in more
there is considerable evidence both for the formation of comeletail than previously. In addition, we have investigated in
pensating donor centers as the nitrogen doping is increasedetail the manner in which different SFR signals are en-
and for the formation of deep acceptors that are not ionizethanced when the laser energy is adjusted to be in resonance
at room temperature.’ with different excitonic transitions: in this way, we have

The present investigation concerns compensating donoiseen able to distinguish between excitons bound to the two
that appear as the nitrogen content exceed$ d® 3. Our  types of donors, and to establish the validity of Haynes'’s
specimens were grown by MBE and doped with nitrogenrule17 in this context.
from a rf discharge source. In a previous investigatiof
nitrogen-doped material grown by a similar method but at a
different laboratory, we used spin-flip RaméFR scatter- Il. EXPERIMENTAL DETAILS
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 ratig valug that de- The ZnSe layers were produced at Heriot-Watt by MBE
scribes the splitting of the spin states in a magnetic fieldon (001) GaAs substrates. The growth temperature was
Thus the donors that are usually obtained in ZnSe as a resl#80 °C. Solid sources of zinc and selenium were used and
of impurity incorporation in even the best material are foundthe growth rate was about Odbn per hour. The nitrogen was
to have a depth of about 26 meV below the conduction banéhcorporated by using an Oxford Applied Instruments radio-

A. Specimen growth
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TABLE |. ZnSe specimens used in the investigation. The figures in parentheses indicate the growth

number.

Specimen Thickness rf power (Na-Np) g=11 g=1.4

number () (W) (cm™9) signal signal

1 (490 0.9 100 1.x10Y yes no

2 (492 1.0 150 1.6<10% yes yes(weak

3 (491 0.8 200 1.%10Y yes yes

4 (493 1.0 250 1.8&10Y no yes
frequency plasma source, the dopant level being controlled 2. Spin-flip Raman scattering

through adjustment of the radio-frequency power. The doped The SER spectra for specimens 1 and 4 are shown in Figs.

zinc selenide was grown directly on to the substrate, therg(a) and 2Zb). In each case the splitingAE between the

being no buffer layer. The ZnSe layer thicknesses and thgoyes and anti-Stokes signals is proportional to the applied
effective acceptor concentratioffmeasured by photochemi- magnetic fieldB, and can be written E=2guB, where

cal capacitance-voltage technigtfesare given in Table I. 4 is the Bohr magneton. It is found that the valuegdor

the two specimens differ. Following our previous Raman
B. Optical experiments

The measurements were made at the University of East
Anglia with the specimens in superfluid helium at 1.5 K.
PhotoluminescencéPL) 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 eY. 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 pldimethe
110 direction.

A°X Sample 3

Deep donor
resonance
energy

I
I
: Shallow donor

| resonance
| energy
|

|‘I\I\||IVE|5‘|I
260 265 270

1. Photoluminescence spectra Energy (eV)

Intensity (arb. units )

The PL spectra from the four specimens are characterized
by excitonic and donor-acceptor pdlPAP) recombination
transitions. In Fig. 1 we give the excitonic region of the PL
spectrum from specimen Z°X denotes the line due to ex-
citons bound to neutral acceptdrsand the band marke@
has been attributed to recombination from exciton
complexeg® The inset to the figure shows the DAP signals
with their series of phonon replicgd2.55-2.72 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 CorTTTTTmT T T T T T
gradually disappears, and is replaced by a series starting at 2.78 2.77 2.78 2.79 2.80 281
2.685 eV. This phenomenon has been observed by several Energy (eV)
groups studying nitrogen-doped Zn%é.Care needs to be o
taken when analyzing these spectra, since the distributions of FIG- 1. The excitonic part of the PL spectrum at 1.5 K from the
donor-acceptor separatiofiand hence the Coulomb contri- ZnSe specimen numb(_er 3. The laser excitation energy for spectrum
butions to the recombination energiese not known. How- (a) was 2.88 eV. The inset shows th.e part of the_EL spectrum that
ever, the first series is usually attributed to recombinatiorfOntains the donor-acceptor recombination transitions, for all four
involving shallow impurity donors at a depth of about 26 specimens in the orde:édownwardis of increasing nitrogen content. .
meV, and nitrogen acceptors at about 111 M@&f. 21 Also shown in the maln_par_t of the figure are_the resonance energies

! . . for the two types of spin-flip Raman scattering aiwl part of the
above the valence band, W.hlle. th? secpnd IS generall L spectrum from sample number 3 when the laser energy is
thought to be due to recombination involving thg mtrogenChalngeol to 2.802 eVunlike the other spectra in this diagram,
acceptors and a second donor at about 45 1tie¥ different

- Hosr g which were in zero magnetic field, PL spectrub) vas taken at 6
depths reported by various authdrsprobably reflect varia- T gq as to facilitate comparison with the Raman resonance energies

tions in the spatial distribution of the donor-acceptor pairsyiscussed in the tektTransitionFX is due to recombination of free
and differences in excitation conditionsAs can be seen excitons, the signal marke&X and its phonon replicA®X-LO are
from the PL spectra, the second donor becomes increasingfiiie to excitonic recombination at neutral acceptors, and the line
important as the nitrogen concentration becomes larger, andlarked 3LO is a Raman line due to scattering by phonons. lGnes
is generally believed to be responsible for onset of the comandC’ are unidentified but are believed to be associated with the

pensation process aNg-Np) of about 1.% 10" cm 31 nitrogen doping.
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The resonance effect for the spin-flip scattering of elec-
(a) sample 1 g=1.10 trons bound at neutral donors does not appear to have been
laser at 2.7981 eV studied in detail for ZnSe. In the case of ZnTe the selectivity

/\_//_A 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

(b) sample 4 g=1.39 bound, respectively, at neutral donors and at neutral
laser at 2.7949 eV \N\,-—/\A. acceptor$® As described below, we make use of a similar
,\MA/\AWNJ/\\A selectivity to distinguish between the excitonic transitions

associated with the two types of donors in our ZnSe speci-

o3 =110 mens.
‘°).§§§,";$ 27981 eV 9=t A key feature of the SFR spectra is that the laser energy
required to obtain resonance in specimeriFilg. 2(a)] is
w,,/\MJ\/ different from that required for specimen[Big. 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
(d) sample 3 g=139 beneath the conduction band of the donor itself. That this is
laser at 2.7949 eV . .
not an effect caused by changing from one specimen to an-

../\-\‘._J\ other is demonstrated clearly by the SFR spectra in Fig$. 2

Intensity (arb. units)

and Zd), which are both from thesamespecimen(number

anti-Stokes laser Stokes 3), but were obtained by retuning the laser from 2.7981 eV,
A I I IR I I I I for which the signals witlg=1.10 were observed, to 2.7949
08 06 04 02 0 02 04 06 08 eV, which resulted in the lines with=1.39. In the main part

of Fig. 1, we indicate by arrows the laser energies for which
each of these SFR signals can be obtained.

FIG. 2. SFR spectra fofa) specimen 1 andb) specimen num- By tuning the laser in this way, it was foynd that S|gnals
ber 4. The laser energies were 2.7981 and 2.7949 eV, respectiveiffOm the shallow donor could be observsd 'nighe specimens
and the laser was attenuated to record the central part of the spedith (NA-Np) up to and including 1.%10"" cm™®, whereas
trum, which is due to elastically scattered light. The SFR spectrdhe deeper donor is detectable faNA-Np) greater than
shown in(c) and(d) are both for thesamespecimer(number 3, but ~ 1.6X10"" cm 2. In a previous studyon material produced
with the laser set respectively to 2.7981 and 2.7949 eV. In all case§ly MBE at the Matsushita Laboratories, the shallow donor
the magnetic field wa6 T and the temperature 1.5 K. For all four could be observed in a specimen with an effective acceptor
specimens, the Raman shifts are proportional to the value of theoncentrations of 1010 cm 3 but not for one with
magnetic field. The diagram demonstrates clearly that different.3x10'7 cm™2 in the former of these samples, SFR signals
resonance energies are found for the two SFR signals. from the deeper donor could just be detected, being much

stronger in the latter. The appearance of the deeper donor

study? and guided by the ODMR resulté15®we attribute therefore appears to be correlated with the difficulty of ob-
the g value of 1.16-0.04 to the donor at 26 meV, and the 1&iNing values of KN,-Np) greater than midway between
g-value of 1.39-0.04 to the(compensatingdonors at 45 10" and 138 cm™3: the behavior of the SFR signals is fully
meV consistent with that of the donor-acceptor PL spectra in this

Experimentally, each SFR signal appears only when th respect. For the SFR signals to be observed, the donors must

. ) g e in the neutral state, as they must also be in order to re-
laser is set to a certain energy. This is a result of the enhancgbmbine with acceptors to produce the characteristic pair

ment ,Of the scattering Cross lsect|or.1 that occurs when th8mission spectra of the inset to Fig. 1. It therefore appears
incoming photon energy coincides with the energy of an apghat a5 the concentration of deeper donors increases, elec-
propriate excited stafé. In the present case, the excited (ons that would otherwise become trapped at the shallow
states are those formed by the creation of an exciton bou”ﬁinpurity donors become localized instead at the deeper ones,
to a neutral donor. The exciton is therefore formed from tWoresulting in changes that are seen in both the SFR and PL
electrongwhich are assumed to be spin paired in the excitorspectra. The lifetime of the electrons photoexcited to the
state of lowest energyand a hole, so that the exciton spin neutral state will not be well define@ince the dynamics of
states are those of a hole. The ZnSe layers in our specimefise pair recombination process depend on the distribution of
are sufficiently thick for us to assume that they areinterpair separationsbut it is clear from the fact that ODMR
relaxed?>?* however, the different thermal expansion coef- signals with linewidths of order LeV (20 mT forg=1 at 9
ficients of ZnSe and GaAs substrate are expected to lead to@Hz) can be observéd from similar specimens that a sig-
biaxial tensile strain of the ZnSe layers of up#®.1%, such  nificant number of electrons must remain at the donors for at
that the exciton states formed from the light holes lie lowerleast 108 s2” Neither the ODMR technique nor the present
in energy by about 2 me¥~2° A further complication is SFR experiments yield information on the concentration of
that, in our experiment, the magnetic field is in the plane ofdonor centergof either type, but it is clear that if the deeper
the layer and therefore mixes the light- and heavy-holedonor is to provide compensation that limits the effective
states. value of (No-Np) in the observed manner, it must itself

Raman shift (meV)
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observed for the PL transition of excitons bound to shallow

] 2.7970 L . : L
27867 1972 | In 17 donors inunstrainedmaterial; in other words, we have made

4 > . — 16 . . . . .

12,7074 ca our data point for shallow donors coincide with that obtained
2.788 - > ~ 15 . . . . .

1 € 27076 ] L in the PL studies in unstrained material, We now make the
2700 ] 0 57978 | a1 #@C! L s reasonable assumption that the excitonic states that lead to
U 27680 L 12 our two observed resonance energies differ only in that they

1 24 25 26 27 28 29 30
2.792 - "
1 E,, (Donor depth) (meV)

involve excitons bound to donors of differing depths. The
strain and diamagnetic effects will be very similar in the two

fa - 10

d 2704 ] L cases, and we can therefore adopt the same procédfire
§ ] L subtracting 0.7 meV from the resonance engiigyorder to

2 1 Deep . . . .

G 5706 ] Shallow compensating|- plot the point corresponding to the deep donor in Figin3

donors donor

which the vertical axis refers to the excitonic transition en-
ergies obtained from PL studi®s Figure 3 thus represents
the situation for notional unstrained ZnSe.

From Fig. 3 we now see that Haynes’s rigéelinear de-
pendence of exciton energy on the depth of the donor at
which the exciton is localizedis 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
LI BN B L B B energy.

0 10 0 % 40 0 Given the energie$Fig. 1) needed to obtain resonance
Eo (Donor depth) (meV) with the exciton transitions, we finally searched for PL sig-
. : . nals that could be associated with excitons bound at two
FIG. 3. Transition energies of excitons bound at neutral donorﬁ . .
ypes of donor. In the main part of Fig. 1, we show part of

as a function of donor depth. Data for the shallow doripes, those ) X
with depths of about 25 mée\are from the PL experiments reported _the PL spectrum when the laser is set to 2.802(edncid-

in Ref. 10, as is the free-exciton energy. Taking the free-excitor]19 with the free exciton transitionsnd the field is set to 6
energy as zero, the localization energy of the exciton is shown o - TWO sharp features are observed 2.797 and 2.794 eV
the right-hand vertical axis. The present experiments extend th&hich we tentatively attribute, respectively, to the recombi-
graph to a donor depth of approximately 45 meV, and establish th@ation of excitons bound at shallow donofat about 25
validity of Haynes’s rule over this range. The inset shows an ex/n€V) and at the deeper donofat about 45 meY. Support-
panded version of the region that involves the shallow donors. 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 @ value of 1.39. If the attribution is

become present in concentrations in excess of ¢ >, ;
The study of the resonance behavior of the SFR transicorrect, there appear to be Stokes shifts between the reso-
nce energies and the PL signasch shifts would arise,

tions makes it possible to distinguish between the energies le. if th ¢ i ivolved
the transitions associated with excitons bound at differento! €X@mpié, 1f the résonance transitions involved compo-
nents of the exciton spin multipletsher than the ones that

neutral donors. If Haynes’ rutéis obeyed, these energies |

should be linearly dependent on the donor depth. In Fig. ﬁe _Iror:/vest In ert1e_3rgy tiqation h d the SER it
we show the energies of the recombination transitions for € present investigation has concerned the scatter-

. _ ng by electrons. We note however, that, in a separate speci-
excitons trapped at a number of neutral shallow dofiors, :
together with exciton transition energies obtained from themen(grown by MOVPB, SFR scattering has been observed

current study, plotted as a function of the donor deptie from holes at the nitrogen acceptors themsefiesere the

recombination energies of the excitons bound at shallow dol_aser has to be set to resonance with the transition energy of

nors such as gallium are those obtained by(Refs. 9-11 excitons bound at the neutral acceptise A°X line), fur-

for unstrainedmaterial. For a given donor impurity, we do ther illustrating the potential for using resonance SFR spec-

not know which of the excitonic states leads to the resonanc:gOSCOpy as a means of studying selectively the different cen-

effect: we therefore cannot necessarily expect the PL recone’s involved in optical processes in these materials.
bination energy of the bound exciton to coincide exactly with

the energy required fo_r resonance enhz_incement of the _SFR IIl. CONCLUSIONS

signal. A further complication in comparing our results with

those from unstrained material is that the biaxial tensile The present work provides strong confirmation of the
strain in our epitaxial layers will cause additional small shiftsmodel in which the onset of the saturation of the effective
in the excitonic transition energies. Yet another complicatioracceptor concentration in nitrogen-doped ZnSe is caused by
arises since our data are obtained in magnetic fields, the lintne creation of a compensating donor at a depth of about 45
positions being subject to Zeeman and diamagnetic shiftsneV. The electrons bound at these donors hagevalue of
Rather than attempt to calculate the combined shifts due t®.39 and the appearance of the corresponding SFR signals is
all these effectgwhich would involve several unknown fac- strongly correlated with the difficulty of increasindl{-Np)

tors), we have adopted the following procedure. To construcbeyond the mid-18-cm™2 range. The result is consistent
Fig. 3 we have shifted the laser ener@7981 eV required  with that obtained in our previous stutbf specimens grown

to obtain the SFR signals with=1.10 in our layers so thatit at a different source.

coincides with the average transition ener@/7975 eV The fact that different donors are involved is confirmed

2.798

E, (Exciton localization energy) (meV)

2.800 Slope = 0.20

2.802

[
1 Free exciton
2.804 B

T
| S O F T G - SRR )
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