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Compensation mechanisms in ZnSe:N and codoped ZnSe:N:Cl
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Codoping experiments in ZnSe with Cl and N have been performed and the photoluminescence as well as
the carrier concentrations have been studied to investigate the reason for compensation in ZnSe:N. Evidence
could be given that not crystalline defects but rather potential fluctuations cause the often observed redshifted
and broadened donor-acceptor-pair band in compensated layers. In addition, a quantitative study on these
potential fluctuations could be performed by varying the chlorine concentratipttyipe doped ZnSe:N:Cl. It
has been shown that a chlorine concentration ®fl6'” cm™2 in the codoped layers already causes a shift of
the main donor-acceptor-pair band emission energy of about 120 meV. By investigating the photoluminescence
spectra of samples with different chlorine concentrations, a relation between the amount of ionized impurities
and the redshift in emission energy has been gi{80163-1828)07719-4

l. INTRODUCTION compensated sampléS.This behavior could not be ex-
plained by the simple DAP theory taking only into account

With the demonstration of efficieqt doping in ZnSe:N in  the effects of high excitation densities. Some authors as-
1990 (Refs. 1, 2 the physics of optoelectronic devices in sumed additional donor acceptor transitions or deep-level
I-VI semiconductors got a new incentive, which led to the luminescencE and a different intensity dependence of these
realization of light emitting devices and laser diode transitions'® In an alternative model potential fluctuations
structures In spite of lifetimes of more than 100 h for laser due to a statistical distributions of ionized impurities were
structure$ p-type doping still remains a performance limit- considered/**?° as reported earlier for the case of
ing factor® especially for shorter-wavelength emission. TheGaAs:Li?!
physics of nitrogen as a dopant has been intensively investi- To determine the total amount of nitrogen, secondary ion
gated[Refs. 68, and references thefeia understand and mass spectromet§5IMS) measurements were performed. It
to expand the existing doping limits. However, it soon be-was shown that the doping efficiency of the incorporated
came apparent that above a limit oNs,—Np=<2 nitrogen could be less than 10%, the remaining up to 1
X 10'® cm 2 (Ref. 9 additionally incorporated nitrogen does x 10" cm™ nitrogen atoms were either inactive or
not further increase the net carrier concentratbiwhen  compensatedf: As SIMS does not determine the charge state
further increasing the nitrogen concentration, the free carriepf the detected nitrogen in the layer, it is not a suitable
concentration first saturates and than even a reduction of theethod for investigating expected potential fluctuations
amount of free holes in the layers is observéd. caused by charged nitrogen-related impurities.

The transition from increasing to saturating carrier con- In this study, we firstly intend to clear up whether deep
centrations in the electrical characteristics is accompanied bigvels or potential fluctuations are responsible for the red-
a change in photoluminescen(®L) of doped ZnSe. PL in- shifted broadened emission energy. Proving the latter case to
vestigations revealed that by incorporating nitrogen not onlyoe valid, we secondly are interested in the concentration of
acceptor states are created but also donorlike comptéés, impurities being necessary to cause the degree of shift in
which cause the self-compensation and thus determine tHeAP emission energy observed in compensated ZnSe:N.
doping limits in p-ZnSe. For carrier concentrations below To achieve this, we performed codoping experiments,
1x107 cm™2 and low compensation, a clear donor- such as were conducted in GaXsWe intentionally intro-
acceptor-paitDAP) recombination band involving a shallow duced shallow donors in nitrogen-doped ZnSe samples by
donor (D) is detectetf with the zero-phonon emission peak codoping with ZnC} at different concentrations and com-
at 2.687 eV. For higher doping levels, a second DAP bangared the corresponding PL spectra with those of highly
peak appears at a lower energy of about 2.68 eV, indicatingompensated, nitrogen-doped ZnSe layers.

a second, deeper donor ¥Pto be present. Both donors ap-

pear to be created in connection with nitrogéiRecently it Il EXPERIMENTAL SETUP
was shown that they are formed jintype doped ZnSe even '
with low nitrogen concentrationS.It is thought to compen- ZnSe layers were prepared, exhibiting similar levels of

sate theN acceptor and thus to hamper increasing dopingnitrogen but different chlorine concentrations. The samples
levels. In even more highly doped, strongly compensatedvere grown in a twin chamber molecular-beam epitaxy
samples, the zero-phonon peak of the DAP is shifted tdMBE) system EPI 930. Prior to growth, theGaAs sub-
lower energies between 2.5, and 2.65%8¥1’and the pho- strates were etched in,B,:NH;:H,0, and the oxide layers
non replicas are no longer resolvable. With increasing exciwere removed by thermal etching in the growth chamber.
tation densities, the broadened DAP becomes structurethe IlI-V chamber for GaAs buffer layer growth was
again and is blueshifted back to an energy known from unequipped with cells for elementary Ga, As, and Si, the 1I-VI
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TABLE |. Measured carrier concentration of the investigated
samples. The intended chlorine concentration in sarBpleas 3
X 10 cm 3. -

IIIIIIIlI]IIIIIIIIIIIIIIIIIIIIIIIIII

\
1

Np—Na/em™32  Na—Np/cm™3  Np—Np/cm™3

Sample n-type layer codoped layer  p-type layer El ] é

5 4 ¢
A 6x10" —5x10t° 4x 10 i+ ] &
B 3x10Y 21 -~ £
C 1x107 2x107 3x 107 = 71 £
E 3—-4x10 5x10t° 3-4x10

O0"

\
11

L |.n»lype
ChamberWaS eqUipped Wlth hlgh-purlty Se’ Zn’ and %nCI ] HHH [RTACRRTINRRRIARRR1 ANSVE ARATE NN
For p-type doping, radio-frequencytf) activated nitrogen 10%® 107 0% 25 26 27 28
from a plasma source was used. All samples were nitrogen Carrier Conc. [em '] Energy [eV]

doped at an rf plasma power of 250 W, which leads to a

free-hole concentration of about (3—4)10 cm 3. The
highest doping value of 8 101" cm~2 was achieved in the codoped, and-type doped layer. Thp-type doped layer shows the
features of uncompensated samples. The codoped layer with nitro-

system ?;fsz%b\i}ra:_eh tenlwperature of abouth290 (i azngog%n and 610" cm™2 chlorine displays a broad and redshifted
POWEr ofF =359 VW. 1he plasma power was chosen to DAP emission band that is typical for a compensated sample. The
W tg,"?‘VO'd a S'grr]:lf'cf"mt zelf-com[?]ensatlon with our growth n-type doped layer shows a strong donor bound exciton at 2.797
conditions. For chlorine doping, the ZnGtell temperature gy

was varied to yield chlorine concentrations between 3

x 10 and 6x 10" cm™3, _ .

The samples typically consist of a triple-layer structure on/€ft part of Fig. 1. They axis corresponds to the depth of the
top of the GaAs substrate and buffer. The first layer is purely@yer- The PL of the three layers at the same excitation den-
n-type doped with chlorine, the second layer is codoped wittsity of 0.5 W/enf is shown in the right part. The PL spectra
chlorine and nitrogen, and the third layer is purely nitrogen®f the layers and the corresponding measured carrier concen-
doped. All layers had a thickness of 500 nm. For the codope§ations in these layers are horizontally aligned.
layer, the doping and growth parameters were kept identical The lowest curve is typical for a chlorine-doped layer
to the conditions used for the-type and thep-type doped with a strong donor-bound-exciton line at about 2.797 eV.
layers. Growing these three layers, the chlorine concentratioh® full width at half-maximum(FWHM) amounts to 1.5
in the codoped layer could be determined by measuring thE'€V. i-e., this peak is broadened compared to low-doped
carrier concentration in the purelytype layer, assuming no samples. This indicates that the (;arrleg concentration |340Iose
interdependence on chlorine and nitrogen doping. Similarlyt© the Mott density of abou_t)ﬁld cm “in n-type Znsé. _
the p-type doping could be checked by PL and capacitancel-” the PL spectrum there is no indication of any crystalline
voltage (CV) measurements in the purebytype doped top defects or deep levels caused by the chlorine incorporation.

layer. SampleB was only a codoped layer with an intended €V p;ofilirjg yielded a carrier concentration bfp —N,=6
chlorine concentration of 810'6 cm3. The doping of the X 10 cm 3. The middle curve obtained from the codoped

samples is summarized in Table I. layer shows a redshifted and broadened DAP emission band.

The samples were characterized in an electrochemicai'® €mission energy of the band is about 2.54 eV, and no
capacitance-voltagéECV) profiler for determining the car- phonon replica can be resolveq. The top curve qorresponds
rier concentrationg® The depth resolution was achieved by 0 thep-type doped layer showing a DAP band with clearly
etching about 10 nm between two CV measurements. WheffSolvable phonon replica. The zero-phonon energy is 2.683
the ECV measurement indicated that the etching complete@V and the phonon-replica spacings are about 31 meV. How-
the p-type doped layer, the measurement was interrupted arfiver, there is an underlying broadband present at about 2.5

PL spectra in the underlying codoped layer were taken. Simi€Y Which is attributed to the DAP emission from the

larly, the measurement was stopped again after completeﬁPdeed layer underneath. _The origin of the signal at 2.787
etching the codoped layer and PL measurements at tHeV is unclear. The energy is between the neutral-nitrogen
n-type doped layer were performed. Using this technique i:cCePtor-bound exciton at about 2.79 éRef. 23 and an
could be ensured most easily that the above-lying layer €XCiton bound to a complex at approximately 2.784 é\%ﬁ
were removed before taking the PL data. The photoluminestik€ in the purelyn-type doped layer, there is also in the
cence was taken at low temperatiieé K) under different Purely p-type doped layer no indication for crystalline de-

excitation densitie€0.1 W/cnt to 1 kW/cn?) provided by a fects or deep levels caused by doping ZnSe with nitrogen.
HeCd laser(441.56 nn. The carrier concentration of thetype doped-layer was de-

termined to beN,—Np=4x10' cm™3, and the codoped
layer exhibited Np— N ~5x10'® cm™3. Considering the
difficulties of determining the carrier concentration gb-an

We first investigated the origin of the redshifted andjunction, this latter value corresponds fairly well with the
broadened DAP. Therefore, the sample consisted of thredifference between the carrier concentrations in rikype
layers as described above. The CV profile is depicted in thand thep-type doped layers.

FIG. 1. CV profile and PL of a successivefytype doped,

Ill. RESULTS AND DISCUSSION
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FIG. 2. DAP emission of the-type doped layer at different FIG. 4. PL spectra of a ZnSe:N:Cl sample. The chlorine con-
excitation densities. The emission energy of the DAP shows hardlgentration was % 10'® cm™2 and the net carrier concentration was
any shift. Only at energies below 2.6 eV, there is a change in thél,—Np=3x 10" cm 3. The DAP is hardly dependent on the ex-
emission, originating in the underlying codoped layer. citation density and, only for highest excitation, a high-energy

DSAP shoulder appears at about 2.7 eV.

Figure 2 shows the PL spectra of thaype doped part of
the structure at two different excitation densities. The upperedshift is only observed in the layer containing both kinds
spectrum was taken at an excitation density of aboubf carriers, the origin of this shift must be due to the coex-
0.5 W/cn?, the lower spectrum at a density of 100 W/ecm istence of chlorine donors and nitrogen acceptors. Both dop-
The zero-phonon emission energy is almost unchanged fants compensate each other, leading to ionized charged im-
both excitations. This behavior was seen for almost alpurities and thus causing potential fluctuations. Electron-hole
p-type doped samples, grown in our laboratory and is typicatecombination in such a system is redshifted and broadened.
for uncompensated ZnSe:N layers. The signal only changeBhe large blueshift with increasing excitation density can be
for energies below 2.6 eV. This part of the PL spectrum,explained by screening of these potential fluctuations with
however, originates from the underlying, codoped layerincreasing carrier generation at higher excitation densities.
whose PL is depicted in Fig. 3 for excitation densities varied To investigate the shift in dependence on the chlorine
between 0.1 W/chand 1 kW/cm. The main emission peak concentration quantitatively, the amount of chlorine was
shifts from 2.54 eV for lowest excitation to 2.66 eV at high- considerably reduced in sampi®. The measured carrier
est excitation density, but there are still no resolvable phonoroncentration wasN,—Np=3X10"" cm™3, which corre-
replicas. These characteristics are rather similar to those olsponds well to the difference of the intended doping levels
served for highly compensated nitrogen-doped samples.  for chlorine donors and nitrogen acceptors of B0'® and

It has to be pointed out that, by introducing the shallow4x 10'7 cm™3, respectively. The PL of this sample for dif-
donor chlorine with an ionization enerdy,=26 meV, the ferent excitation densities is shown in Fig. 4. For the lowest
DAP emission is shifted by more than 100 meV. This shiftexcitation density of 0.1 W/cfa DAP band with several
cannot be due to crystalline defects and deep-level lumineghonon replicas is clearly resolvable. The zero-phonon emis-
cence as it is not observed in the purghtype orn-type  sion peaks at 2.682 eV indicating a transition between a deep
doped layers above and below the codoped ZnSe. As thgonor level and an acceptor PBP). With increasing exci-

tation density there is a minor blueshift of the emission en-
AR RS RS RRRAE LARRE RRRRA ergy (about 5 meV of the DPAP transition observable that
agrees well with the standard behaviour of the DAP in non-
compensated samples.

At low excitation density, there is no indication of a tran-
sition between an acceptor and a shallow donor, normally
seen in uncompensated samples doped so as to addjeve
—Np below 1x 10 cm™3, nor of the chlorine donor inten-
tionally introduced in this system. The emission changes
with increasing excitation: A shoulder develops on the high-
energy side of the DAP and is clearly visible for an excita-
tion density of 1 kW/crhat about 2.705 eV. This shoulder is
attributed to a BAP with the same nitrogen acceptor as in
the DPAP, mentioned above. The shallow donor could be
nitrogen related or the chlorine donor. The appearance of

FIG. 3. DAP emission of the codoped layer at different excita-Only the AP for low excitation densities can be explained
tion densities. The emission shifts to higher energies toward 2.68Y the relaxation of electrons located in energetically high-
eV with increasing excitation densities, as potential fluctuations ardying DS states by hopping to energetically loweP Btates
screened with increasing carrier generation by higher excitatio®nd subsequent recombination. Only for stronger excitation,
densities. when the [¥ states are filled, will D states be considerably

Intensity [arb. units]
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27 T T T T T all incorporated acceptors. At that point the screening of the
'—4’—'—+—- potential fluctuations is minimized. Due to the limited range
for DAP recombination the calculated singularity will not be
observed. There will be a saturation of the redshift instead.
When further increasing the donor concentration beyond the
acceptor concentration, the layers becawtgpe conductive.
In the inset, the energy of emission is plotted versus the
chlorine concentration. It is shown that with a chlorine con-
centration of about 810 cm 3 the DAP is shifted by
more than 120 meV. On the other hand, for chlorine concen-
o oo e 7 trations below X 10" cm™3, there is hardly any shift in the
25 emission energy. This also gives un upper limit for thé D
Np - N, [107 em™] concentration discussed above. The observed shift in
) ) o codoped samples can be used to estimate the donor concen-
FIG. 5. Comparison of t.he main peak_ emission energy of the%ration in highly compensated layers that were doped by ni-
e e oo iy o <+*"fogen orly. The DAP in Hghly compensated sampls i
. Sy . . typically shifted by about 120 meV, leading to a donor con-
(dashed lingand 4x 10" cm™2 (solid line). In the inset, the main : o7 07 em-3 in th |
peak emission is plotted in dependence on the intended chloringentratl_on_be_tweenml and 6<10™ cm™ in these lay-
ers. This indicates as well that the acceptor states are also

concentration. Below X107 cm™3, hardly any difference from ~'> .
uncompensated-ZnSe is detectable. For higher concentrations, thel'm'ted to roughly the same order of magnitude.

emission energy shifts very much to lower energies.
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IV. SUMMARY

occupied, and thus contribute to the emission on the high- _
energy side of the PAP band. In summary, we have grown ZnSe samples doped simul-

The appearance of only the®BP at low excitation den- taneously with nitrogen and chlorine and have studied their
sities also implies that PL just gives an indication of thé D PL spectra for various Cl concentrations. Samples slightly
concentration. The material could still contain a considerabléloped with CI (3<10'® em™®) showed a clearly structured
amount of ¥ without being detected by PL. Even if there is DAP band with a zero-phonon energy of 2.682 eV and a

no DSAP present in the spectrum, the*an contribute to  Phonon replica spacing of 31 meV, as is typically seen in
the compensation process. uncompensated ZnSe:N. More highly doped samples with

In Fig. 5, the energy of the main emission is plotted inchlorine concentrations abovexa0'’ cm* displayed fea-
dependence on the measured free carrier concentration in tf¢'es typical for highly compensatgdZnSe: the DAP emis-
codoped layetsee Table)l The nitrogen doping levels were Sion spectra were broadened and shifted to lower energies.
identical for all samples and the PL spectra were taken at lofor chlorine concentrations of 810" and 6x10'" cm™®
excitation densities. The lines are theoretical calculations ughis shift was as high as 60 and 120 meV, respectively. By
ing a formalism developed by Morgan and stated in Refs. 2660doping ZnSe with chlorine and nitrogen, it could clearly

21, and 27, giving be demonstrated that crystalline defects and deep levels are
not responsible for the observed broadened and shifted DAP
E(hw)=Eg—(Ep+Ep) —20 (1) bands in compensated ZnSe:N, but rather charged ionized

with impurities, causing potential fluctuations within the crystal.

In addition, by codoping with ZnGlit was possible to give a

e2 Nt2/3 precise number for the density of charged impurities in the
o= —173|- ZnSe. It was shown that already comparably small amounts
4rreqe | N3 . - .
0 of impurities are sufficient to cause the same effects as there

Here N, expresses the concentration of charged impuritiegvere observed in ZnSe:N with nitrogen concentrations above
andn the density of uncompensated carrig—Np|. The ~ 1x10" cm 3 This result indicates that most of the incor-
dashed upper curve and the full lower line correspond tgporated nitrogen is active neither as an acceptor nor as a
acceptor concentrations of %80! and 4x 10" cm™3, re-  donor.

spectively. It is clearly visible that by increasing the amount

of chlorine a_nd thus reducing the amount of uncompe_nsated ACKNOWLEDGMENTS
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