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Spectroscopy of the interaction between nitrogen and hydrogen in ZnSe epitaxial layers
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We report on detailed optical-spectroscopy investigations of nitrogen-doped ZnSe epitaxial layers of various
doping levels andN contents which have been exposedex situto a hydrogen/deuterium plasma. The influence
of this treatment is studied through temperature-dependent photoluminescence and selective photolumines-
cence. The results are similar for all samples, irrespective of their doping properties. We show that the NSe

acceptor is strongly passivated and that the deep compensating-donor disappears after plasma exposure. In
addition, the nature of the main shallow compensating-donor is changed by theH/D treatment. The shallow
donor in ZnSe:N which we have previously identified as a N-related defect is suppressed while the usual
residual impurities of ZnSe are uncovered. Our results directly demonstrate that all compensating donors in
ZnSe:N material are N-related defects, and that N may participate to nonradiative recombination centers at
heavy doping. Finally, this helps selecting a few models for the deep compensating-donor and further support
the implication of N interstitials in carrier compensation in ZnSe:N.
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I. INTRODUCTION

The doping properties of wide-band-gap semiconduc
are currently under the focus of attention driven by both
perspective to fabricate optoelectronic devices operating
the visible—ultraviolet range and the will to understand t
intimate relationship existing between doping and car
compensation. ZnSe is a case-study material in this resp
not only have several decades of work1 been necessary be
fore a viable acceptor could emerge,2,3 but it appeared soon
that the acceptor impurity itself may be involved in th
carrier-compensation affectingp-type material.4

In fact, plasma-activated nitrogen~N! and molecular-
beam epitaxy~MBE! remain the unique dopant and uniqu
growth technique, respectively, allowing to achieve rep
ducible p-type conductivity in ZnSe epitaxial layers. How
ever, compensating donors are generated concurrently
p-type doping from the very onset of N incorporation.5 As a
result, the net-acceptor concentration~NAC! Na2Nd is lim-
ited to around 1018cm23 even though@N#, the N content, can
be orders-of-magnitude higher.6 In addition, compensation
manifests itself in the low-temperature photoluminesce
~LT PL! spectra of moderately to highly doped ZnSe:N la
ers by the presence of two distinct series of donor-acce
pair ~DAP! bands which arise from recombinations betwe
the N acceptor and two distinct—a shallow and a dee
compensating donors.4,7,8

Most work on carrier-compensation in ZnSe:N layers h
focused on the deep compensating donorDd. Experimental
results appear to support an attribution to complex defe
involving N.4,9,10 The activation energy of this deep don
however remains controversial, in the 45–57 m
range,4,8,11–13which might indicate that various mechanism
may still be invoked. The shallow compensating donor,
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sponsible for the DsAP bands in the PL spectra, has in co
trast attracted little attention and it has often been ascribe
residual impurities.4,8,9,11,13We have however demonstrate
that N doping of ZnSe is accompanied by the formation o
N-related shallow-compensating donorDN

s with an activation
energy of 29.1 meV.12,14,15

From the theoretical point of view, many models ha
been considered in order to explain carrier compensatio
ZnSe:N material: incorporation of N onto various interstit
sites,16,17 limited solubility of N in ZnSe18,19 formation of
AX centers20,21 or of impurity-native defect complexes,22–25

and host bond breaking.26

The nature of the defects responsible for carri
compensation in ZnSe:N epitaxial layers remains thus un
debate. For other semiconductors, such as Si or III-V co
pounds, investigating the interactions between dopant
intentionally incorporated hydrogen has shed some light o
the doping and compensation properties of the materials.27,28

Despite, very few similar studies have been reported up
now for ZnSe:N. Both Yasudaet al.29 and Prioret al.30 have
observed a strong influence of the presence of H onto the
PL spectra of ZnSe:N layers.

We have recently presented some results on the inte
tion between hydrogen/deuterium~H/D! and N in ZnSe:N.31

To summarize, we have varied many parameters such a
ZnSe:N sample doping level, the compensation ratio,
sample temperature during H/D plasma-exposure and the
ration of this exposure. As far as the diffusion profiles a
the electrical characterizations are concerned the results
similar, whatever the initial and experimental conditions. A
samples turned to be semi-insulating after H/D plasma ex
sure, irrespective of the initial Na2Nd and compensation
ratio. In addition, the characteristics of the H/D profiles we
analogous whatever the plasma conditions. Besides a su
12 868 ©2000 The American Physical Society
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accumulation layer, the H/D profiles exhibit a plateau t
height of which corresponds, within the experimental unc
tainty, to the total N content in the layer. Finally, the LT P
spectra of ZnSe:N layers are drastically affected by the p
ence of H/D. These results indicate that H/D strongly int
acts with N species in ZnSe:N regardless of their electro
nature, and that it passivates the N acceptor in ZnSe:N.31

The aim of the work presented here is to study in de
the influence of an H/D plasma exposure on the propertie
ZnSe:N layers in order to shed some light onto the nature
compensating centers. For that purpose we have carried
an extensive spectroscopic investigation of ZnSe:N H
samples by LT PL, temperature-dependent PL, and selec
PL ~SPL!. Together with previously published data,31 our
results directly demonstrate that all compensating donor
ZnSe:N material are N-related defects which helps selec
a few models.

The samples and experimental techniques are describ
Sec. II. We give in Sec. III a few general considerations
SPL investigations of semiconductors and on the PL prop
ties of ZnSe:N material. The experimental results are p
sented in Sec. IV and discussed in Sec. V before conclud
in Sec. VI.

II. EXPERIMENT

The ZnSe:N samples have been grown in a Riber Epin
system by solid-source MBE on semi-insulating~001! GaAs
substrates. The growth temperature and growth rate w
280 °C and 0.14 nm/s, respectively.p-type doping was
achieved with RF-plasma-activated N using an Oxford A
plied Research~RFK!-30 cell. The epitaxial layers were be
tween 1 and 3mm thick. As-grown samples have been e
posed to a H/D RF-plasma in a parallel plate capacita
reactor. Nitrogen as well as H/D concentrations have b
measured for some samples by secondary-ion m
spectroscopy~SIMS! using a Cs1 primary ion beam and im-
planted ZnSe epitaxial layers as references. NAC were m
sured at room temperature by the capacitance-voltage (C-V)
technique either between coplanar Au-contacts or usin
Hg-probe system.

For temperature-dependent PL the samples were mou
on the cold finger of a closed-cycle He cryostat. PL w
excited by the 325 nm line of an He-Cd exciting las
(Pexc;5 W cm22) and detected at the exit of a 64-cm spe
trometer equipped with a 1200 grooves/mm grating blaze
500 nm. Selective PL~SPL! measurements were performe
at 1.8 K in an He-bath cryostat. The samples were excited
a Stilbene-3 dye laser pumped by the UV lines of an
laser. PL was detected at the exit of a 1-m double spectr
eter equipped with 1800 grooves/mm gratings blazed at
nm. In all experiments a CO2-cooled GaAs photomultiplier
was used as detector.

III. GENERAL CONSIDERATIONS

We give here the few relevant considerations
the SPL technique applied to impurity spectroscopy
semiconductors,32,33 and on the PL properties of ZnSe:N e
itaxial layers.
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A. Two-electron-transitions, two-hole-transitions

During PL spectroscopy, the electron remaining after
combination of the neutral-donor bound-exciton~NDBE! I 2
can be either in the fondamental (1s), or on an excited
~ns,np! state of the donor. A series of resonances, the
called ‘‘two-electron-transitions,’’ may thus be detected
the energies ofE(I 2)2E(1s→ns,np). Although two-
electron-transitions can in principle be seen in any PL sp
trum excited above the band-gap energy, they are best
when exciting resonantly withI 2 . Similarly, ‘‘two-hole-
transitions,’’ which involve recombinations of the neutra
acceptor bound-exciton~NABE! I 1 are best seen when exci
ing resonantly withI 1 . The separation between the two
electron-transitions~two-hole-transitions! depending only on
the spectrum of the excited states of the donor~acceptor!
involved in the process, two-electron-transitions~two-hole-
transitions! spectroscopy is a very powerful tool for ident
fying the impurities present in the material.

B. Donor-acceptor pair „DAP… spectroscopy

During SPL experiments, an incident photon with an e
ergyEexc can excite a~shallow or deep! donor in a statei and
an acceptor in a statej. There results a neutral excitedDiAj P
at a pair separationRi , j such as:

Eexc5Eg2@E~Aj !1E~Di !#1
e2

«Ri , j
1Ji , j~Ri , j !, ~1!

where Eg is the band-gap energy,« is the static dielectric
constant,E(Aj ) and E(Di) are the binding energies of th
acceptor and donor excited states, respectively.Ji , j (Ri , j ) is a
correction to the Coulomb effecte2/«Ri , j which takes into
account the overlap between excited donor and acce
wave functions.

After excitation the DAP rapidly thermalizes into it
ground state and then gives rise to a PL line at

Elum5Eg2@E~A1s3/2!1E~D1!#1
e2

«Ri , j
1J1.1~Ri,j!. ~2!

The energy shift between excitation and emission is th

Eexc2Elum5E~A1s3/2!2E~Aj !

1E~D1s!2E~Di !2DJi , j~Ri , j !, ~3!

where

DJi , j~Ri , j !5J1,1~Ri , j !2Ji , j~Ri , j !. ~4!

C. ZnSe:N photoluminescence properties

Residual impurities in ZnSe are group-III and group-V
donors which have been well characterized.34–36 Their acti-
vation energy lies in the 25–28 meV range. The NDBE lin
I 2 fall around 2.796 eV. NSe on the other hand is a shallow
acceptor with an activation energyEA5111 meV and a
NABE line I 1

N at 2.791 eV.37 The zero-phonon bands of th
two distinct shallow, DsAP, and deep, DdAP, series ob-
served in the PL spectra of ZnSe:N layers peak at about 2
and 2.68 eV, respectively. At very heavy doping levels ho
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ever, statistical fluctuations in local impurity concentrati
lead to the formation of spatially separated potential wells
the material resulting in broad band states.22 Unstructured,
red-shifted broad DAP bands are then observed.6,38,39

For high-quality MBE-grown ZnSe:N layers, the line
shape of the LT-PL spectra can be used as an indicato
Na2Nd , and @N#.6 The LT-PL emission of lightly-doped
samples ~Na2Nd,;131017cm23 and @N#,;5
31017cm23! is dominated by the NABE lineI 1

N . Upon in-
creasing the doping level, the near bandedge emission
ishes progressively at the expense of both DsAP and DdAP
bands. DdAP bands generally take over for Na2Nd.;1
31017cm23 and @N#.;131018cm23. Finally, the red-
shifted unstructured DAP band is observed for very-he
doping, typically for@N#.;131019cm23.

IV. EXPERIMENTAL RESULTS

A. Photoluminescence spectroscopy

We show in Figs. 1~a!–1~c! the LT PL spectra taken be
fore ~dotted lines! and after~solid lines! H/D plasma expo-
sure for three representative samples, the Na2Nd of
which are 131017~EPI-834!, 531017~EPI-785! and 1
31018~EPI-711! cm23, respectively. Before hydrogenation
the increase of Na2Nd when going from~a! to ~c! is well
confirmed by the evolution of the LT PL spectra~Fig. 1!.
The N contents in samples EPI-711 and EPI-785 have b
measured by SIMS to be;131019cm23 and ;3
31018cm23, respectively, which fits well also with the LT
PL spectra.@N# has not been measured for sample EPI-8
but from the shape of the LT PL spectrum one can estim
it to be ;131018cm23. Finally, it is noticeable that before

FIG. 1. PL spectra taken at 10 K from as-grown~dotted lines!
and deuterated~solid lines! ZnSe:N samples.~a! EPI-834,Na2Nd

5131017 cm23, ~b! EPI-785, Na2Nd5531017 cm23, @N#;3
31018 cm23, ~c! EPI-711, Na2Nd5131018 cm23, @N#;1
31019 cm23.
n
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en
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hydrogenation a NABE lineI 1
N at 2.791 eV can be detecte

only from EPI-834 which is the most lightly doped samp
~Fig. 1!.

After hydrogenation the LT PL spectra of all samples a
dominated by a shallow DAP band with a zero-phonon l
around 2.70 eV~Fig. 1!. A particularly salient feature of
these spectra is thatall deep DdAP bands have completel
vanished away after H/D plasma exposure. In addition,
near bandedge spectra of all samples are now dominated
peak labeledI 0 at 2.796–2.797 eV, i.e., in the region typic
for NDBE recombinations. Reminiscence of a NABEI 1

N

peak can be clearly seen at 2.792 eV in the spectrum ta
from sample EPI-834 while it appears as a shoulder in
spectra taken from samples EPI-785 and EPI-711~Fig. 1!.
The influence of H/D plasma exposure on the near bande
emission is better seen on the spectra displayed in a loga
mic scale on Fig. 2 which were taken at 1.8 K by exciting
2.84 eV, i.e., slightly above the ZnSe band gap. The n
bandedge emission of the as-grown sample is dominate
the NABE lineI 1

N . The peaks labeledI 1
c at 2.785 eV andC8

at 2.766 eV are also seen in ZnSe:N samples.8,9 Their precise
origin has yet not been uncovered, althoughI 1

c is thought to
arise from exciton complexes.40 After deuteration, the nea
bandedge emission is largely dominated by the line labe
I 0 in the NDBE spectral range while the intensity of th
N-related peaksI 1

N , I 1
c , andC8 is greatly reduced. Finally, a

weak free exciton line FX is seen in both as-grown and d
terated samples.

The detection of a shallow DAP band after H/D plasm
exposure indicates that shallow acceptors and shallow do
are present in the material after hydrogenation. The linesh
and position of the DAP bands together with Eq.~2! show
that the concentration of these impurities increases ag
from ~a! to ~c!. The question then arises of the nature of the
acceptors and donors.

We show on a logarithmic scale in Fig. 3 the evolution
the PL spectrum taken from sample EPI-834 after deute
tion. Above 20 K a line emerges progressively above
zero-phonon line of the DAP band. This line takes over
the DAP-band region above 50 K when the shallow don
are ionized. It can thus be ascribed toe-A0 recombinations
involving free electrons and neutral acceptor. Its posit

FIG. 2. Near bandedge emission taken at 1.8 K by exciting
2.84 eV sample EPI-834 as grown~dotted line! and after deutera-
tion ~solid line!.
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which can be accurately determined on Fig. 3 is 2.711 eV
40 K. It corresponds well to an acceptor with an activati
energy ofEA5111 meV, which indicates that the shallo
acceptor involved in the DAP band is N. It thus appears t
H/D does not passivate all N acceptors during plasma ex
sure.

Finally, one can note from Fig. 1 that the PL efficiency
higher after H/D plasma-exposure, and the higher doped
sample, the stronger this effect. This reveals that H/D pa
vates non-radiative recombination centers originally pres
in ZnSe:N.

B. Selective photoluminescence spectroscopy

All investigated samples behave in a similar manner.
present here the data obtained on sample EPI-834 which
hibits the better resolved PL spectra.

We show in Fig. 4 SPL spectra taken by exciting sam
EPI-834 in the NDBE region and by detecting around
meV below the laser line. The spectrum is totally flat for t
deuterated sample. In contrast, for the as-grown samp
somewhat broad-band which is centered at 41.5 meV be
the excitation line emerges from the background~see arrow
in Fig. 4!. Now, a donor with an activation energyEA
545– 50 meV, i.e., within the range of the dee
compensating-donor DN

d in ZnSe:N4,8,11–13 will give 1s
→2s and 1s→2p transition energies precisely in this spe
tral range. In spite of the lack of clearly-resolved resonanc
the concomitant disappearance of this band~Fig. 4! and of
the DdAP-band series~Fig. 1! after H/D plasma-exposur
supports its assignment to two-electron-transitions involv
DN

d .

FIG. 3. Evolution with the temperature of the PL spectra tak
from deuterated EPI-834.
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We now turn to the identification of the shallow donor
We display in Fig. 5 the SPL spectra taken by exciti
sample EPI-834 again in the NDBE region but by detect
in the shallow-donor two-electron-transitions spectral ran
In that way we evidence the main shallow donors in t
samples. For the as-grown sample, a weak resonance ap
at 22.5 meV below the laser line. It corresponds to thes
→2p two-electron-transitions of the DN

s shallow donor with

n

FIG. 4. SPL spectra taken from sample EPI-834 by exciting
the NDBE and detecting in theDN

d two-electron-transition spectra
ranges.

FIG. 5. SPL spectra taken from sample EPI-834 by exciting
the NDBE and detecting in the shallow-donor two-electro
transition spectral ranges.
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an activation energy of 29.1 meV that we have previou
discovered in ZnSe:N samples.12,14,15No other lines can be
seen. In contrast, after H/D plasma-exposure this reson
has completely disappeared. Other weak resonances are
uncovered in the spectral range between 19 and 20.5 m
They correspond to the two-electron-transitions of AlZn,
ClSe, and GaZn, the usual residual impurities in ZnSe.34–36

These lines are in fact the only ones detected when perfo
ing two-electron-transition spectroscopy on nominally u
doped ZnSe epitaxial layers grown in our MBE system12

This figure thus shows that the nature of the donor involv
in the shallow DAP band changes during H/D plasma ex
sure.

Next we have performed SPL by exciting in the vicini
of the large absorption threshold, i.e., near the NABE line
2.791 eV~Fig. 6!. In the one-LO phonon range, resonanc
corresponding to various transitions of the DN

s shallow donor
are detected for the as-grown sample while they have c
pletely vanished away after H/D plasma exposure. In c
trast, resonances near 19–20 meV are detected in this
which are the signature of the residual shallow donors
ZnSe.34–36This figure thus supports the results deduced fr
Fig. 5.

In the two-hole-transition spectral range, a resonance
responding to the 1s3/2→2s3/2 transition of the neutral ac
ceptor N~Ref. 37! is detected for the as-grown sample on
In contrast, resonances corresponding to the selective ex
tion of DAP pairs in the 2s3/2 state of the N acceptor ar
observed for as-grown as well as deuterated samples.

Finally, we show in Fig. 7 SPL spectra obtained fro
both as-grown as well as deuterated samples by exciting
exactly the same energy for both kind of samples. PL em
sion which corresponds to neutral DAP excited in the 2s3/2
state of the N acceptor is observed in both spectra. In
case, the general Eq.~3! and Eq.~1! can be rewritten, respec
tively, as

Eexc2Elum5E~A1s3/2!2E~A2s3/2!2DJ1,j~R1,j !, ~5!

FIG. 6. SPL spectra taken from as-grown~AG! and deuterated
~D! EPI-834 by exciting in the NABE and detecting down to t
two-hole-transition spectral ranges.
y
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Eexc2Eg1E~A2s3/2!1E~D1s!5
e2

«R1,j
1J1,j~R1,j !. ~6!

The shift in the PL-peak position seen in Fig. 7 and E
~5! show thatDJ1,j (R1,j ) is smaller for the deuterated samp
than for the as-grown sample. Now, on the one ha
DJi , j (Ri , j ) decreases whenRi , j increases,41 and on the other
hand, changing the donor activation-energy, i.e., chang
the nature of the donor involved in the DAP, does not aff
Ji , j (Ri , j ).

41 From Eq.~6!, an increase ofR1,j implies a de-
crease ofE(D1s), all other terms being constant. Cons
quently, we deduce from Fig. 7 that after deuteration
binding energy of the donor involved in the selectively e
cited DAP is smaller as compared to the as-grown ZnS
epitaxial layer.

V. DISCUSSION

A simple comparison of the PL spectra displayed in Fig
taken prior and after H/D plasma exposure reveals that m
NSe acceptors and deep compensating-donors DN

d are passi-
vated, but that even though donors and acceptors are pre
in the material after treatment. We now discuss the origin
these defects.

Investigations of the shallow DAP bands detected a
H/D plasma exposure by temperature-dependent PL~Fig. 3!
and two-hole-transition spectroscopy~Fig. 6! reveal thatNSe
is the acceptor involved in these DAP. This is in agreem
with the fact that no residual acceptor is detected in undo
ZnSe material grown in our system,12 and this indicates tha
not all N acceptors are passivated by H/D. On the other ha
total passivation of the deep compensating-donor DN

d is con-
firmed by the disappearance of the corresponding-band
tected in SPL spectra of as-grown ZnSe:N samples~Fig. 4!.

Another, most interesting, point is the influence of t
H/D plasma exposure on the nature of the donors involve
the shallow DAP. The crucial result obtained here is that

FIG. 7. PL spectra taken from as-grown~AG! and deuterated
~D! EPI-834 by selective excitation of the DAP.
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main shallow donors are not the same in the as-gro
ZnSe:N and in the treated ZnSe:N:H/D samples. Inde
Figs. 5–7 confirm that the main shallow donor present
ZnSe:N samples is the donor DN

s with an activation energy
ED529.1 meV that we have previously detected in oth
samples.12,14,15In contrast, all spectral signatures of this d
nor disappear after the treatment while weak resonances
cal for the group-III and group-VII residual impurities i
ZnSe emerge~the weakness of these resonances stems f
the very low residual-doping achieved in our MBE system!.
This shows that H/D completely passivates the original sh
low compensating-donor. Finally, a line that we have i
tially labeledI 0 appears in the NDBE range. Two-electro
transition spectroscopy indicates that we can n
unambiguously identify it as being the NDBE line traditio
ally observed in ZnSe and labeledI 2 . Its intensity being
higher than that of the reminiscent NABE lineI 1

N ~Figs. 1
and 2! the residual-donor density is larger than the unpa
vated NSe acceptor density. Since the residual carri
concentration in not-intentionally doped ZnSe layers gro
in our system is in the 531014– 1015cm23 range, we con-
clude that after plasma exposure only about 1014cm23, i.e., a
1023 to 1024 fraction of the initially active NSe acceptor
remain unpassivated. This explains whyC-V measurements
indicate that all samples turn to be semi-insulating after
treatment.31

In addition, one has to remind that after H/D plasma e
posure of ZnSe:N samples, the H/D profiles measured
SIMS follow within the experimental uncertainty the N pr
file, whatever the N content and compensation ratio.31 This
demonstrates that H/D interacts withall N-related species
regardless of their nature. Thus, the passivation of the d
compensating-donor and the change of the nature of the s
low compensating-donor described in the previous paragr
provide direct evidence that both the deep and shal
compensating-donors in ZnSe:N are N-related defects. As
the deep compensating-donor DN

d , one should then conside
only models involving N such as the formation of A
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