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Zinc selenide films were doped with phosphorus during molecular beam epitst8&) growth by
employing a novel, valved, three-zone solid-source radio frequéficgracker unit manufactured

by Oxford Applied ResearciOAR). Optical emission spectroscopy analysis of the plasmas
produced in the rf chamber of the unit showed that the apparatus was capable of generating a flux
of atomic phosphorus. By suitably adjusting the operating conditions of the unit, phosphorus
concentrations in ZnSe epilayers were varied over the range<dfod® cm™2 to high-138 cm™3,

in a highly controlled and reproducible fashion. Phosphorus atoms, in contrastriol&ules, were

found to be highly chemically reactive at the growing ZnSe surface at a normal growth temperature
(around 300 °¢;, and the OAR unit was found to be eminently suitable for the provision of atomic

P for MBE growth. Doping using atomic P was found, at least in lightly to moderately doped ZnSe,
to provide an acceptor state that gave rise to a neutral-acceptor bound exciton emission located
at 2.7919 eV, in keeping with that of other substitutional acceptors in ZnSe. Also, compensation
in atomic P doped ZnSe appears to occur by virtue of the formation of shallow donor states rather
than via the production of deep level states, which dominate in the case of most of the previ-
ously reported phosphorus-doped ZnSe studies. 1999 American Institute of Physics.
[S0021-897€99)08201-9

I. INTRODUCTION from an rf-generated plasma, Parkal* first demonstrated
. ) the efficacy of this method by successfully doping Znse
Phosphorus has been considered to be a potgrtile  yne during MBE growth using a gas source rf cracker unit
dopant for ZnSe and related alloys for a number of years, ang,anufactured by Oxford Applied Resear@AR), Oxford-

a variet_;iz of studies have been reported concemingpire K. A similar gas source rf cracker unit was success-
ZnSe:Pt12Phosphorus-doped ZnSe has commonly been "€ully employed by Fanet all* to dope ZnTep type with
ported to exhibit deep level states, and a lacl-dfpe con- nitrogen.

ductivity associated with ZnSe:P has typically been ascribed  \1ore recently, this approach has been extended to in-

to compensation as a consequence of these deep levels. Wit je the production of atomic species from solid elemental
regard to molecular beam epitaxiMBE) growth of Zn- <4, rce material. For instance, Lugawral® and Tournie

Se:P, there have been three reports in the literature, two Qf; 526 have reported using a solid source rf cracker unit to
which involved the use of compound ## as the source of generate a flux of atomic arsenic, and Nettal2 have re-

,10 ; . ’ - .
phosphorus:™® The authors of those two studies reported yortedly generated atomic phosphorus using a solid source rf
strong deep-level defect related emission in the photolumig acker unit for ZnSe doping. These particular atom sources,
nescence spectra recorded from their moderatel)llzto heaV"Nowever, are not ideally suited for high vapor pressure ma-
doped material. More recently, however, Netal.” em-  arjais due to an inability to isolate the source material during
ployed an atomic-phosphorus source during MBE growth of,c processes as MBE chamber bakeout, for instance. Also,
ZnSe:P and reported significantly diminished deep leve|,;ih, regard to phosphorus in particular, the use of white
emission intensities. With regard to these three reports, ho"\bhosphorus as opposed to red phospHdrass source mate-
ever, only DePuydet al™® determined phosphorus concen- iz would be more ideal in terms of flux stability.
trations in their ZnSe:P films, and the maximum phosphorus  The gpjective of the work reported in this article was to
concentration reported was only X80 cm™*. In addi- investigate phosphorus doping of ZnSe during MBE growth

tion, all three groups reported that their P-doped films Wergsing an atomic phosphorus source designed specifically
insulating. Consequently, concern has been raised with r€yith elemental phosphorus handling in mind.
gard to the solid solubility of phosphorus in ZnSe and, of

course, the issue of deep level formation by virtue of phos-
phorus incorporation. Il. CHARACTERIZATION OF ATOMIC PHOSPHORUS

The use of a plasma-generated flux of atomic species haaOURCE
been shown to be an effective method of doping [I-VI com- 11 phosphorus source employed in this work was
pounds during MBE growth. Using a flux of atomic nitrogen mantactured by Oxford Applied Research and is a modified

valved thermal cracker source design. A schematic of the
dElectronic mail: rpark@mse.ufl.edu source is illustrated in Fig. 1. The modifications include the
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FIG. 1. Schematic of the atomic phosphorus source.
FIG. 2. (a) A typical atomic phosphorus optical emission spectrum recorded
from a pure phosphorus plasn{a) Spectrum of atomic phosphorus emis-
sion lines reported in the literature.
replacement of a conventional thermal cractdissociation
section by an rf plasma discharge chamber and the provision

of a gas line feed to the discharge chamber. Also, as shown . : . i
in the schematic, a light pipe and optical window are pro_poses, Fig. @) illustrates the spectrum of atomic phos

. . o . S horus emission lines reported in the literattité\s can be
vided in order to allow monitoring of optical emission occur- P P

ring in the plasma discharge chamber. The source of phoss-een from Figs. @ and 2b), the pure phosphorus plasma

phorus that supplies phospharus vapog)(® the rf plasma appears to be dominated by emission associated with neutral

discharge chamber is white phosphorus, formed in the buffe[:r)hosphorus atoms. In addition, lines associated with singly

chamber by the condensation of phosphorus vapors suinme{'-ﬁmzeOI phosphorus atoms are also evident. Consequently,

from red phosphorus in the sublimator section. White phos- € source appears eminently capable of generating a flux of

phorus is preferred over red phosphorus with regard to thgtomlc phosphorus(The particular rf forward power em-

provision of a stable Pflux to the discharge sectidd.Dur- Ployed in this case was 350 W, and the buffer chamber and

: . . : sublimator temperatures were 100 and 25 °C, respectjvely.
ing operation of the source, the sublimator section was nor- P pectively

mally maintained at room temperature, although some runs
were performed with direct heating to the sublimator in the
range of 50—60 °C. The buffer chamb@vhite phosphorus B. Mixed argon-plus-phosphorus plasmas
source temperature was typically around 75 °C during

p'?‘sma Qischarge opergtion, si.nce the puffer c;hamber aHescribed above for pure phosphorus plasmas except that in
tained this temperatur@vith no direct heatingby virtue of the mixed plasma case the argon gas was not eliminated
heat transfer from the high temperature plasma dischargﬁz-om the discharge chamber

chamber. The Pflux supply to the discharge chamber was Figure 3a) shows a typical emission spectrum recorded

controlled via the isolation valve shown in the schematic. from a mixed argon-plus-phosphorus plasma. Also shown
for comparison purposes are the spectra of atomic argon
[Fig. 3(b)] and atomic phosphoru&ig. 3(c)] emission lines

A “pure” phosphorus plasma could be obtained in the reported in the literatur® The mixed plasma emission spec-
discharge chamber by first striking an argon plasma and akum [Fig. 3(a)] appears to be a superposition of atomic ar-
lowing the discharge to stabilize. Following argon plasmagon and atomic phosphorus emission lines, suggesting that
stabilization, a B flux could be introduced via the isolation the source in this case generates argon atoms and phosphorus
valve and, through a constant process of adjustments to the atoms simultaneously(Again, the rf forward power em-
source impedance matching netwdrot shown in the fig- ployed was 350 W, and the buffer chamber and sublimator
ure), a pure phosphorus plasma could be stabilized by graduemperatures were 100 and 25 °C, respectiyely.
ally eliminating the argon gas supply. Higher still phosphorus concentrations were obtained in

Optical emission occurring in the plasma dischargeZznSe films when direct heatingn the range of 50—-60 °C
chamber was monitored using a fiber-optic cable and pemwas applied to the sublimator chamber of the source. In the
sonal computer-based plug-in expansion board spectrometease of direct heating of the sublimator, the optical emission
having a 1024-element charge coupled dete¢@ED) a  characteristics of mixed argon-plus-phosphorus plasmas
600-line grating and a spectral range of 490-1012 nm.  were similar to those of mixed plasmas with the sublimator

A typical emission spectrum recorded from a pure phosmaintained at room temperature. However, the integrated
phorus plasma is shown in Fig(é. For comparison pur- emission intensity associated with the atomic phosphorus

Mixed plasmas were generated in the same fashion as

A. “Pure” phosphorus plasmas
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FIG. 3. (a) A typical optical emission spectrum recorded from a mixed

argon-plus-phosphorus plasma using the same source operating conditiopgs 5 giMs depth profiles recorded from ZnSe films grot@hin the

as in_ Fig. 2. Also shown for comparison are ‘the emission lines reported irbresence of a Pmolecular flux(no rf power supplied to the cracker unit

the literature for(b) atomic argon, andc) atomic phosphorus. and (b) in the presence of an atomic phosphorus flux generated in a pure
phosphorus plasm&00 W rf forward power. In both cases the growth
conditions and the buffer chamber and sublimator temperatures were the

lines was higher in the case of direct sublimator heatingsame.
which suggests that higher atomic fluxes were produced in
these cases. We believe that the higher atomic phosphorus
flux levels (which produced higher ZnSe:P doping concen-sity in the plasma discharge chamber, as determined from
trationg were a consequence of a highgrflew rate into the  optical emission spectra recorded during growth.
discharge chamber when the sublimator chamber was heated
during source operation.

As discussed below, secondary ion mass spectrometnyl. SECONDARY ION MASS SPECTROMETRY
analysis was performed on a number of samples grown iIRANALYSIS OF ZnSe:P FILMS
this study, and as illustrated in Fig. 4, a correlation was ,
found between the phosphorus concentration in the ZnSe ep- 21S€ films were grown by MBE 01i100-GaAs sub-
ilayers and the integrated atomic phosphorus emission intersateS under a variety of phosphorus source operating con-

ditions and film growth conditions and were characterized

using secondary ion mass spectromé8yMS) depth profil-
ing analysis, particularly with regard to determining the
phosphorus concentrations in the films. Conventional ther-

19
A10 2 o o ”§ mal effusion sources were employed for Zn and Se and in all
(?E - ] cases a 0.zm-thick unintentionally doped ZnSe buffer
< i ] layer was grown prior to phosphorus doping. The MBE sys-
5 tem used in this study was previously employed to grow
E 10 = E nitrogen-doped ZnSe using an atomic nitrogen sotitce.
§ E 3 SIMS analysis was performed at Charles Evans and Associ-
s L - ates using a Cameca syst¢@s" primary ion beam
8 - . Figures %a) and 8b) illustrate SIMS depth profiles re-
10'7 Co ol Lt corded from ZnSe films grown in the presence of ,anf-
1 10 100 lecular flux(no rf power supplied to the discharge chamber
Atomic-P Integrated Emission Intensity and in the presence of an atomic phosphorus flux generated
(arb. units) in a pure phosphorus plasnan rf forward power of 200 W

FIG. 4. A plot of phosphorus concentrations in ZnSe films vs the integratec}/vas squ“ed t.o the dlscharge ChaMwapeCtlvely' In both
atomic phosphorus emission intensities in the discharge chamber of theases the white phosphorLaBuffer chamber tempgrature
phosphorus source. was 75 °C. Also, in both cases the growth conditions were
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FIG. 7. Influence of growth conditions on the phosphorus concentration in
FIG. 6. Influence of source operating conditions on the phosphorus concenSe films grown using a fixed set of phosphorus source operating condi-
tration (closed circles in ZnSe films grown under a fixed set of growth tions. The phosphorus concentration in the films is plotted against
conditions. The phosphorus concentration in the films is plo@gagainst ~ growth temperature, an@) against Se/Zn beam equivalent pressure ratio.
the rf forward power applied to the discharge chamber of the source for a
fixed sublimator temperature of 25 °C, aflg against the sublimator tem-

pere_iture_for a fixed rf fqrward power of 3_50 ‘W. _Also shown are the nor- Se/Zn beam equivalent pressure ratio employed during
malized integrated atomic phosphorus emission intenditipen circles .
growth, respectively. The growth temperature dependence
[Fig. 7(a)] suggests a temperature dependence for the atomic
. hosphorus sticking coefficient in the temperature range ex-
the same, namely a growth temperature of 300 °C and 5mined(260—330 °G, while the VIl ratio dependendéig.
SelZn beam equivalent pressure ratio of 2. _ 7(b)] suggests Zn—P and Zn—Se reactions to be competitive.
_As can be seen from these profiles, phosphorus is onlyye have previously determined that a Se/zn beam equiva-
incorporated into ZnSe during MBE under these convenyon hressure ratio of 2 produces near-stoichiometric ZnSe at
tional conditions when supplied as atomic, rather than mog growth temperature of 300 °C. For these expetiments, the

lecular, phosphorus. The phosphorus concentration was bﬁhosphorus source operating conditions were a forward

; i 5 ~am—3
low the SIMS detection limit {-10'°cm™*) when a g ower of 200 W and buffer chamber and sublimator tem-
molecular flux was supplied. Consequently, these data su§

. . o . eratures of 75 and 25 °C, respectively.
gest a much higher chemical reactivity at the growing ZnS

. The highest quality ZnSe film&s evidenced by photo-
surface for phosphorus atoms compared WIH_YTRJIecules' luminescence analygisvere grown at a substrate tempera-
The phosphorus concentration spikes at the film surface a

; _ . re of 300 °C and using a Se/Zn beam equivalent pressure
ZnSe/GaAs heterointerface are believed to be SIMS artlfact§atio of 2, and consequently, this fixed set of growth condi-

The integrated atomic phosphorus emission intensityj,,q \yas employed to examine the influence of phosphorus

and, consequently, the phosphorus doping concentration €aiy, -entration on the photoluminescence of ZnSe:P films.
be varied by varying certain source parameters. For instance

the rf forward power applied to the discharge chamber has _
the effect shown in Fig. @), namely that an increase in the ::\{I‘_EA';OTOLUMWESCENCE ANALYSIS OF ZnSe:P
rf forward power produces an increase in the plasma emis-
sion intensity and, therefore, an increase in the phosphorus A set of atomic-phosphorus-doped ZnSe films having
doping concentration in ZnSe films. As Figbpillustrates, phosphorus concentratiofdetermined by SIMS analysis
the sublimator temperature has an even greater influence dhe range of X 10 to 1x10® cm™3, were characterized
the integrated atomic phosphorus emission intensity andsing low-temperature(13 K) photoluminescence(PL)
therefore, the phosphorus doping concentraffona fixed rf  analysis performed at the 3M Company, St. Paul, MN. The
forward power, 350 W in this cageThe growth conditions ZnSe:P films, which were Lm thick and deposited on 0.5-
employed for the experiments were the same, namely, am-thick undoped ZnSe buffer layers, were grown using a
growth temperature of 300 °C and a Se/Zn beam equivalerfixed set of growth conditions, namely a growth temperature
pressure ratio of 2. of 300 °C and a Se/Zn beam equivalent pressure ratio of 2.
The phosphorus doping concentrations in ZnSe filmsThe PL analysis was performed using the 361 nm line from
were also found to depend significantly on growth param-an argon-ion lasetincident power density on the samples
eters when the source operating conditions were maintainegas 2 mWi/crm) and a detection system comprising a SPEX
constant. Figures(@) and 1b) illustrate the phosphorus dop- (1 metej wavelength spectromet¢t800 grooves/mm grat-
ing concentration dependence on growth temperature anidg) and a GaAs-based photomultiplier tube.
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FIG. 8. Low-temperatur¢13 K) PL spectra recorded from a ZnSe:P film FIG. 10. Low-temperaturél3 K) PL spectra recorded from a ZnSe:P film
having a phosphorus concentration of 20" cm™2. Note the absence of
strong deep level emission in spectra).

having a phosphorus concentration ok 10'® cm™3. Note the dominance
of the acceptor-bound exciton pe#k. A strong longitudinal-optical pho-

non replica of thd /' peak is also eviderfspectrum(b)].
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FIG. 9. Low-temperatur¢l3 K) PL spectra recorded from a ZnSe:P film FIG. 11. Low-temperaturél3 K) PL spectra recorded from ZnSe:P films.
The phosphorus concentrations in the films wéae 3X 10*” and (b) 1
X 10'® cm™3. Again, note the absence of strong deep level emission in these

having a phosphorus concentration of 8 B3 cm™2. Note the dominance
of the traditional phosphorus-related acceptor-bound exciton pBalqver

the I/ acceptor-bound exciton peak at this doping concentration.

spectra.
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TABLE |. Photoluminescence emission peak identification labels used in 1019 ¢
this work. — : ,ﬁ ________ — 2
€ 1018 L Se —> 1@
Label Peak assignment e / P g -
c £ n
Xt Heavy-hole free exciton 2 107 ¢ 9 1 Undoped 41 ¢cE
. . © o : ; © 5
Xin Light-hole free exciton s [ tP-doped :|ZnSebuffer [} GaAs -
I, Neutral donor-bound exciton & 10 | ZnSe layer :\ substrate 3 % g
14 Phosphorus doping related exciton 2 I : ; 1 B -
" Acceptor-bound exciton associated with atomic-phosphorus 8 105 - / ,‘\/\ \ J"\ 18
] doping . . a / . -/ 18
lxla (LO) LO-phonon repl!ca of/1A 1014 A 0 vt
17 (LO) LO-phonon replica of ; 0.0 05 1.0 15
DAP Donor-to-acceptor paiizero-phonoptransition
LO LO-phonon replica of donor-to-acceptor pair transition Depth (um)

FIG. 12. SIMS depth profile recorded from an atomic phosphorus-doped
ZnSe sample grown using two different growth modes. The majority of the
film was grown using conventional molecular beam epitéMBE) under a

. . fixed set of source operating conditions and growth conditions. However,
Figures 8, 9, and 10, illustrate PL spectra recorded ffo”looo A of the film (shaded ardawas grown using an alternate element

ZnSe films having phosphorus concentrations of 1D'€, exposurgAEE) growth mode rather than MBE, with the atomic phosphorus
3.5x10%, and 1.5<10Y cm 3, respectively, while Fig. 11 source operating conditions remaining fixed.
shows PL spectra recorded from films having phosphorus

concentrations of 310" and 1x 108 cm™3. . o
I_quently, it can be concluded that deep-level formation is not

The PL peak assignments indicated in the various P intrinsic to the ZnSe:P system as previously thought. All of

spectra are specified in Table I. - A .
The variously assigned PL peaks have been well docut-he ZnSe:P films grown in this study, however, were electri-

mented in the literature with regard to phosphorus dopetgzg%'rl]iiléllat'i?]g(')uSr'r:ﬁ;gﬁ;'pﬁn;atf;rsmt/hi?i%;ta;ssgﬁsﬁ QOt
ZnSe (for a review, see Ref. 19with the exception of the y ' PP P y

peak that we have labeled tﬁ% which was recently identi- relativel_y shallow donqrs prevents s_ignificant freg—carrier
fied by Neuet al2? and which is dominant in the PL spec- production in ZnSe:P films grown using the atomic phos-

trum recorded from the sample having the lowest phosphoru@horus source.
concentratior([P]=1x10 cm™3, see Fig. & It is interest-
ing to note that at higher phosphorus concentrations, namel
3.5x10% and 1x10'" cm™3, thel? peak dominates the ex-

. DEPENDENCE OF PHOSPHORUS
ONCENTRATION ON GROWTH MODE

citonic emission rangésee Figs. 9 and J@vhile thel} peak With a view to promoting and enhancing Zn—P reactions
emission intensity is diminished. Analysis of th% and Iﬁ\ at the growing surface, a particular growth mode, which we
peaks is provided in Sec. VI. term “alternate element exposure/AEE), was employed.

Donor-to-acceptor paifDAP) transitions are also evi- During AEE growth of ZnSe:P the Zn, Se, and atomic P
dent in the ZnSe:P PL spectra, suggesting compensation ypurce shutters were operated in a particular fashion in order
relatively shallow donors. Indeed, DAP emission dominateso produce the following flux exposure sequefiimethe wa-
the spectra recorded from the more heavily doped filmg.  fer) during a single cycle of growtl2 s Zn fluxexposure, 1
11). It is interesting to note that the energy of the zero-s delay(no exposurg 5 s atomic P flux exposur@ s Seplus
phonon DAP transition is higher by about 25 meV in theatomic P fluxes exposure, @l s delay(no exposurg
case of the more heavily doped filnfgP]=3x10" cm 3, In a particular experiment the above sequence was re-
Fig. 11 compared to the energy of the zero-phonon transipeated a total of 707 times in order to deposit 1000 A of
tion in the lighter doped filmésee Figs. 8—101t is tempting  ZnSe:P (each cycle produced 0.5 monolayer of growth
to conclude that a deeper acceptor, which is assumed to pr&ince Se and P compete with each other for reaction with
vided thelf acceptor-bound exciton emission, participates inavailable Zn, the idea behind the above flux exposure se-
the DAP (lower energy transitionsn the case of the lighter quence was to allow P to react with Zn initially in the ab-
doped material while the shallower acceptor, assumed to b&ence of Se.
responsible for thé] emission, dominates in the case of the Figure 12 illustrates a SIMS depth profile recorded from
higher energy DAP transitions occurring in the more heavilyan atomic phosphorus-doped ZnSe film grown using two dif-
doped films, although this would only be speculation at thisferent growth modes. The majority of the film was grown
stage. using conventional MBE under a fixed set of atomic phos-

It is also interesting to note the absence of significaniphorus source operating conditiofr§ forward power=200
deep-level emission in any of the presented PL spectra. Pr&¥, white phosphorus source temperatibaiffer chamber
vious author$!®?° have speculated that deep levels in Zn-temperaturge=75 °C, and a sublimator temperature of 50 °C
Se:P films are a natural consequence of heavy phosphorasnd a fixed set of growth conditiongrowth temperature
doping, however, as can be seen from Fig. 11, significant=300 °C and Se/Zn beam equivalent pressure *#jo
deep-level emission was not observed even in PL spectidowever, 1000 A of the film was grown using the alternate
recorded from atomic phosphorus-doped ZnSe films havinglement exposure mode of growth described above rather
phosphorus concentrations as high as®tin™3. Conse- than MBE, with the atomic phosphorus source operating
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conditions remaining fixed, i.e., the atomic P flux level was —

not changed. The shaded region in the SIMS praFig. 12 Z 15| g 0.075 |

represents the AEE portion of the growth. As can be seen £ 2.8014 eV e

from the figure, the MBE growth mode produced a phos- : 80.050F

phorus concentration around*#@m™3, however, almost an 5 10F z

order of magnitude higher phosphorus concentration was ob- > §0025

tained using the AEE mode of growth. Consequently, higher :c; 05L = L

phosphorus doping levels can be obtained in Ziif6e a € 277 276 275

given atomic P flux levelby suitably promoting Zn—P reac- - 1,-L0 E“igy (‘eV)‘ .

tions. 280 275 270 265 260
Energy (eV)

VI. DISCUSSION FIG. 13. Low-temperaturél3 K) PL spectra recorded from an unintention-

. ally doped ZnSe film showing a neutral donor-bound exciton peakat
The nature of the phosphorus-related acceptor in ZnSe 7955 e\ Note the absence of a strong phonon replica, which would ap-

has been the subject of much discussion in the literatureear at 2.7635 eV if present.
Some authors have speculated that phosphorus is not simply
incorporated substitutionally on a selenium sublattice site but
rather is a complex involving phosphorus, such speculatiotion to what they referred to as the “undulation wing,” a
being based on the deep level emissions observed in somelatively weak, gently sloping shoulder occupying an en-
studies> and on the relatively shallow localization energy ergy range of approximately 4 meV on the low-energy side
and the absence of strain splitting exhibited by ith@eak'®  of I7. As described by Zhanet al,?® the undulation wing is
Zhanget al.? relying on selective PI(SPL) analysis of the thought to be associated with the emission of excitons bound
excited states of the common, known acceptors in ZnSep pairs of shallow acceptors separated by various distances.
added to this speculation by asserting that the P-related ac- The PL spectra recorded in this study also exhibited an
ceptor in ZnSe, unlike the other shallow acceptors, does natndulation wing on the low-energy side t{f however, the
follow effective mass theory and, hence, may involve a comundulation wing in the PL spectra recorded from these
plex. On the other hand, Neet al!? contend that the SPL samples is dominated by a distinct, relatively intense peak,
data reported by Zhanet al. are incomplete. Based on their labeled!4 in Table | and in Figs. 8—10. The' peak, first
own data, Netet al. assert that, in fact, none of the common reported by Netet al.*? but termed 7, may also be present
shallow acceptors in ZnSe, including phosphorus, follow ef-in the spectra reported by Zhaegal2® but only in the form
fective mass theory. of a hump on the undulation wing. A similar hump is present
Adding to this debate is the lack of agreement on how tdn the PL spectra recorded by Yao and Okaétam their
interpret the PL spectra recorded from phosphorus-dopeMIBE-grown ZnSe:P. Interestingly, thé peak became less
ZnSe. BhargaV& first proposed thelf peak to be an intense in the PL spectra recorded in this present study as the
acceptor-bound exciton related to phosphorus doping. Prigshosphorus concentration increased; however in all cases the
to Bhargava's proposal, this peak had been identified as Hl* peak is the dominant feature in the undulation wing region
neutral donor-bound exciton peak, an understandable assigof the spectra. Indeed, it is the dominant peak in the overall
ment given the region of the PL spectra in which tﬁepeak PL spectrum recorded from the most lightly doped sample
is located. The location of the peak in a relatively high- ([P]=1x10cm™2, Fig. 8.
energy region indicates that the exciton giving rise to this  Thel/ peak is located in a region of the ZnSe PL spec-
peak is bound to an acceptor having an unusually lowtrum that is commonly occupied by neutral acceptor-bound
(“shallow” ) localization energy, assuming that it is, in fact, exciton emission peaks, and as in the case of the undulation
acceptor related. wing reported by Zhangt al,?® the 17 peak is accompanied
Bhargav&? supported his argument that thg peak is by a relatively strong LO-phonon replifsee Fig. &)], sug-
associated with an acceptor rather than a donor by citing thgesting that thé; peak represents an acceptor-bound exciton
presence of another peak located approximately 32 mefansition, following the reasoning of Bhargava.
lower in energy. This peak was identified as an longitudinal ~ The PL spectra recorded by Netial. from their ZnSe:P
optical (LO)-phonon replica of 7, the LO-phonon energy in samples exhibited a peak similar t§ (our labe) with an
ZnSe being around 32 meV. This peak is listed in Table | agssociated strong phonon replica. However, their uninten-
17 (LO) and is present in the PL spectra shown in Figs.tionally doped ZnSe sample, having a net electron concen-
8—10. Bhargava based his argument on the intensiti; of tration (Ng—N,) of ~5—10x 10 cm3, exhibited a peak
(LO) relative to that oflf, suggesting that thef (LO)/IE> that these authors assumed to be a neutral donor-bound ex-
ratio should be approximately 0.03 for shallow acceptorsciton peak (), and it too was accompanied by a strong
Indeed, thel] (LO)/I] intensity ratio observed in the PL phonon replica. Based on these observations, Neal.
spectra recorded in this work appears to be approximatelguestion Bargava’s analysis and suggest thabur labe) is
0.03. actually a phosphorus-related donor bound, rather than ac-
Zhanget al?® have concurred with Bhargava’s assign- ceptor bound, exciton peak, in spite of the strength of the
ment and have offered further evidence that thepeak is  phonon replica. Newt al. appear to indicate thdt, (their
associated with an acceptor-bound exciton by drawing atterlabe) is present in the PL spectra recorded from both their
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