JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 4 15 AUGUST 2001

High p-type doping of ZnBeSe using a modified delta-doping
technique with N and Te
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High crystalline quality ZnBeSe epilayers were grown nearly lattice matched to GR2%
substrates by molecular beam epitaxy with a Be—Zn co-irradiatidd®) reflection high energy
electron diffraction pattern was observed after the Be—Zn co-irradiation of the @Al surface.

A high p-type doping level of 1.510"¥cm 2 was achieved fofN+Te) triple-delta doping(s°

doping of ZnBeSe epilayers, whereby three adjacétdyers of N and Te were deposited in each
doping cycle. X-ray diffraction measurements reveal {hat Te) 5°-doped ZnBeSe samples with

a Te concentration of about 0.5% remain of very high crystalline quality with an X-ray rocking
curve linewidth of 51 arcsec. Low temperature photoluminescence measurements show some
emission peaks related to,lelusters and/or Tg.; clusters. ©2001 American Institute of Physics.

[DOI: 10.1063/1.1384863

I. INTRODUCTION x10®cm™2 has been reported by Jurg al!! using delta
doping of a ZnSe/ZnTe:N superlattice, where full monolay-
ers(ML) of highly N-doped ZnTe are separated by 10 ML of
undoped ZnSe. This structure consists~®% ZnTe, result-
ing in ~0.7% lattice mismatch to ZnSe. Recently, using a
modified(N+Te) 5-doping techniqué? a similarp-type dop-
ing level (n,-ng) of 6x10%¥cm 2 was achieved with an
average Te content of only 2%—3%, corresponding @2%
lattice mismatch to ZnSe.

Blue-green laser diodg&Ds) are interesting because of
their applications for high capacity storage and for full-color
displays. The first ZnCdS@n,Mg)(S,Se-based blue-green
LD was demonstrated in 199F. However, so far, the life-
time of such a LD is limited to~500 h due to the degrada-
tion of the devices:* Considering the small lattice constant
(5.139 A and the large band gap enerdy,&5eV), BeSe

is a very good candidate to replace ZnS in {fr,Mg)(S,Se So far, the highest reportauitype doping level in Zn-
alloys. One reason is that the epitaxial growth is much mor(=]iaeSe or ,ZnBeMgSe ise 2% 10 e 1315 The limited

controllable and reproducible when an alloy contains severadoping level may be due to the solubility limit or compensa-

metals and only a S'”g"‘.’ nonmetal, _rather than seyeral NOMk o mechanisms. In this article, we report the use of a modi-
metals. Another reason is that beryllium chalcogenides haVﬁed (N+Te) s-doping technique to enhance thaype dop-

a high degree of covalent bonding compared to other wid<|ang level in ZnB%Sg A ?1 ) value of 1 ylﬁ’gcmﬁ
gap I1-VI semiconductors and are expected to have higr\lNaS achieved for a(II\I+TeE)l tr?ple-delta-dopéd(63-doped
bonding energi€sand increased hardnebsyhich may in-

: . . ZnBeSe sample with a low Te content of 0.5% and a narrow
crease the crystalline quality and material hardness, and, thus ; : : .
. L X-ray rocking curve with a linewidth of 51 arcsec.
further improve the device lifetime.
The p-type_doplng is a pre_valent_d|ﬁ|cult issue in wide Il EXPERIMENTS

band gap semiconductors. Using a discharge nitrogen plasma

source one can dope Zn$etype to ~1x10%¥cm™2 and All the samples were grown nearly lattice matched to

ZnMgSSe with aE;~3 eV to low 167cm 34" Such a (001 GaAs substrates in a Riber 2300 molecular beam epi-

doping level is not high enough to make good ohmic contaxy (MBE) system with a Ill-V chamber and a II-VI cham-

tacts for a laser structure. Delta dopit@doping has been ber connected by ultrahigh vacuum. Oxide desorption of the

proposed to reduce the complex-type compensating defecgibstrate was performed in the 11—V chamber by heating to

and to increase the-type doping leve?'° However, the net ~580°C under an As flux, after which a 300 nm GaAs

acceptor concentratiomg-ng) is only ~1x10%cm 2 for  buffer layer was grown. The main shutter was closed at a

5-doped ZnSe with N alone. Considering the highype  substrate temperaturel{) of 550 °C to maintain &2x4)

doping ability in ZnTe, it is useful to introduce Te in ZnSe reflection high energy electron diffractigRHEED) pattern.

for p-type doping. A high p-type doping level of 7 Inorder to avoid the formation of G&e; at the IlI-V/II-VI
interface we performed Be—Zn co-irradiation before the

dCurrent address: EMCORE Corporation, 394 Elizabeth Ave, Somerset, NgrOWth d a 5 nmZnSe buffer layer. Once the substrate with

08873; electronic mail: shiping_guo@emcore.com the GaAs buffer layer was transferred in vacuum to the 11-VI
YElectronic mail: tamar@sci.ccny.cuny.edu chamber, the main shutter was opened immediately with the
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FIG. 1. Shutter control sequence M+ Te) &doping ands®-doping tech- i
niques.
(115)b
" 1 " 1 i 1 " [ N
Zn and Be shutters open for 20 s. The RHEED pattern 2300 =200 -100 0 100 200
changes froni2x4) to (1X2) after the Be—Zn co-irradiation,
a surface reconstruction not previously observed when Zn Theta (arcsec)
irradiation alone was used on tk@01) GaAs(2x4) surface.
The (1x2) RHEED pattern may be due to the formation of . b (t;)
Be/Zn dimers on the GaAs surfatéThen theT, was in- (N+Te) § -doping
creased to 250 °C and the ZnSe buffer layer was grown. The
RHEED pattern remains streaky and the surface reconstruc- - ZnBeSe:N buffer GaAs sub.
tion changes fronf1x2) to (2x1) during the ZnSe growth. —_ (Be: 2.53%), 29 arcseo /
After this theTg was increased to 270 °C and ZnBeSe epil- 3 - ZnBeSe (N+T¢) 63-d0ping\
ayers were grown under Se-rich conditions. The RHEED ~ | (Te:~0.5%), 51 arcsec
pattern remains streak§2x1) during the ZnBeSe growth. é‘ "
The p-type doping was achieved by employing an Oxford rf &
nitrogen plasma source. In order to make capacitance— ﬂé i
voltage (C—V) measurementsp’-GaAs substrates were — (115)a
used, and @-type doped GaAs buffer layer was grown. For
the bulk doping samples, a1 um uniformly N-doped i
ZnBeSe layer was grown on the ZnSe:N buffer layer. For the (115)b
modified (N+Te) &doping samples, a 0.um uniformly —_— .
N-doped layer was first grown followed by eithe10.4 um 400 -300 -200 -100 O 100 200
(N+Te) 5-doped ors®-doped layer. Figure 1 shows the shut-
ter control sequence used during theloping. An undoped Theta (arcsec)

ZnBeSe spacer was first grown fq’pacerseconds and then FIG. 2. The(004) symmetrical reflection and (11&)and b asymmetrical
the Se and Be shutters were closedtfgrseconds to produce refiection DCXRD rocking curves for 100 periods @+Te) s-doped (a)

a Zn-terminated surface. Then, all shutters were closed faind 53-doped(b) ZnBeSe grown on a 0.&m uniformly N-doped ZnBeSe
t seconds to desorb excess Zn from the surface, after whidffer layer.
the N and Te shutters were open fgrseconds to deposit N

and Te atoms onto the Zn-terminated surfgé-+Te) co- strated to be suitable for Zn$&A solution of concentrated

doping]. After another growth interruption fo.ra'.' seconds, HCI (32%) was also used at 60 °C, which has been reported
Zn was evaporated onto the N and Te containing surface for

. to be a suitable etchant for quaternary ZnMgSSand
t,, seconds followed by opening the Se and Be shutters f 8 .
the next ZnBeSe spacer growth. For the growth of (e 0inBeMgSel. PhotoluminescencéPL) measurements were

. erformed at 13 K using the 325 nm line of the He—Cd laser
+Te) 8°-doping samples, the shutter control sequence |$ I )
o . or excitation.C—V measurements were carried out at RT
similar to that of the(N+Te) s~doping sequence except that . . :
. . using a gold contact with a diameter of 0.6 mm.
the (N+Te) co-doping steps were repeated three consecutive
times, as shown in Fig. 1, by the dashed arrow. THgee,
was determined by the growth rate and the thickness of th!e“' RESULTS AND DISCUSSION
spacer andz,=ty=t,;=5s were chosen for the optimum Figure 2 shows th€004) symmetrical reflection and the
results'? (115)a and b asymmetrical reflection DCXRD rocking
The sample crystalline quality and the Be Te) content  curves for(N+Te) s-doped(a) and §°-doped (b) ZnBeSe
were assessed by double crystal x-ray diffractiDICXRD) epilayers with 100 periods of 12 ML undoped ZnBeSe spacer
measurements using a w1 radiation. For etch pit density layers separated by orte) and thregb) (N+Te) containing
(EPD) measurements, a solution of methanol with 0.2% Brlayers, grown on a 0.5um uniformly N-doped ZnBeSe
was used at room temperatuiRT), which has been demon- buffer layer. Three diffraction peaks can be clearly observed

Downloaded 01 Oct 2002 to 128.59.236.143. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 90, No. 4, 15 August 2001

Guo et al. 1727

TABLE I. XRD, EPD, andC-V results of undoped, N-doped afid+Te) 5doped ZnBeSe epilayers.

ZnBeSe ZnBeSe:N ZnBe3Bt+Te)d ZnBeSe(N+Te)s®
FWHM (arcseg¢ 23 30 45 51
Be content(%) 3.1 2.6 2.6 25
Te content(%) 0 0 0.3 0.5
EPD (cm?) 4x10* 1x10° 6x10° 5% 10°
Na-Ng (cm %) 2x 10 3x10Y 1.5x 108

for both cases. They are the diffraction peaks for the GaAgable I. Then,-ng is ~2x 10" cm™2 for the N-bulk doped

substrate, ZnBeSe:N buffer layer, addioped ors3-doped
ZnBeSe epilayers. The full width at half maximufWHM)

ZnBeSe epilayers, which is comparable to the highest re-
ported value->'*However, it is not high enough for electron

of the (004 reflection x-ray rocking curves of the doped jniection devices, such as lasers, which carry a very high
ZnBeSe epilayers is shown in Table |. For comparison, the, rrent. Using the modifietN+Te) &-doping technique, the

FWHM for an undoped ZnBeSe epilayé?23 arcseg was
also listed in Table 3 The slight increase of FWHM30

ns,-ng was only slightly increased for théN+Te) 5~doped
ZnBeSe epilayers£3x 10 cm2), but it was dramatically

arcse¢ for N-bulk doped ZnBeSe compared to the undopeqncreased to 18108cm 3 for the (N+Te) &°-doped

layer may be related to the incorporation of nitrogen, which
degrades the perfection of the lattice. The further increase q

FWHM for the (N+Te) s-doped ands®-doped ZnBeSe re-

gions is due to the incorporation of Te atoms. Nevertheles
the FWHM for all these layers is 51 arcsec or less, indicatin
that all the epilayers still have very high crystalline quality.t

From the (115 andb asymmetrical reflection DCXRD we
can obtain the perpendicular and parallel lattice constgnt:

anda, for both the bulk doped ZnBeSe:N buffer layer and

the (N+Te) sdoped oré°-doped layers. The bulk lattice
constant then is calculated from the equation

a=a,{1-[2v/(1+v)][(a,—ay)/ay]}.

Herev is the Poisson’s Ratitwe use the value of for ZnSe

of 0.28 for the ZnBeSe because of the small Be concentr

nBeSe samples. The great enhancement opitype dop-

g level in the(N+Te) 6°-doped ZnBeSe samples is be-
lieved to be related to the effective isolation of N atoms from
8e atoms. This may reduce the formation of compensation
%enters or it may also be due to the increase of the Te con-
ent, which enhances the solubility of N atoms and decreases
the N activation energy. A large enhancemenp-dfpe dop-

ing in ZnSe was reported using the same modifide-Te)
sdoping techniqué? where an,-ng is 6x10%cm 3 was
achieved and a nearly ohmic behavior was observedNor
+Te) 6°-doped ZnSe epilayers with an average Te content of
2%—-3%. This suggests that the modifigdi+Te) 5-doping
technique may have general application fetype doping,
£specially for wide band gap semiconductors in which a high

tion). Assuming that Vegard's law is valid for ZnBeSe, the P-tyPe doping level is usually difficult to achieve. It should
Be composition can be assessed from the lattice constaR€ noted that by increasing the Be concentration one can put
(shown in Table ). By further assuming that Vegard's law is More Te in thes-doped region for the ZnBeSe case and keep
also valid for ZnBeSéTe+N) and that the Be concentration the lattice constant still nearly lattice matched to GaAs since
is the same as that of the ZnBeSe:N buffer layer, the averadB€ lattice constant of GaAs is between that of BeSe and of

Te content can be also estimatéd0.3% for the(N+Te)
&-doped layer and~0.5% for the5°-doped layer shown in

ZnTe. This may make it possible to achieve a high band gap
with a reasonable-type doping level as well as lattice

Table |). In addition, EPD measurements were performedmatching.

and the results are also shown in Table |. The EPD for an

undoped ZnBeSe epilayer is very low X40*cm ?), re-

Figure 3 shows the PL spectra of undop@gl N-bulk
doped(b), (N+Te) 5doped(c), and (N+Te) §°-doped (d)

vealing an extremely high crystalline quality. It is a little ZnBeSe epilayers at 11 K. The undoped sanjsjgectrum

higher for a N-bulk doped layer (410°cm ?). The EPD
for the (N+Te) sdoped (6x10°cm 2) or 6°-doped (5

(a)] is characterized by very sharp near band-edge emission
and small peaks at the lower energy side. The dominant

% 10° cm~2) layers is one order of magnitude higher thanpeak, at 2.856 eV, is attributed to a deep bound excitonic

that of the undoped layer. The high EPD in thié+Te)

recombinatiof® and it has isoelectronic origi?. The peaks

5-doped ors®-doped layers may be related to the incorpora-at low energy are varioud. O and TQ phonon replicas of
tion of Te atoms, which introduce new defect nucleation centhe main peak® In the N-bulk doped samplepectrum(b)],
ters. In addition, the long epitaxial growth process due to théhere is a small band-edge peak at 2.844 eV, and a “main”

very slow growth rate for théN+Te) 5-doping(~0.3 um/h)
or 53-doping growth processes-0.2 um/h), may also in-

peak at 2.774 eV with shoulders at 2.746 and 2.709 eV. The
peak at 2.774 eV was assigned to donor—acceptor-pair

crease the surface contamination and background dopin@AP) emission related to shallow impurities, including sub-

level.
In order to study the electrical properties, b&@hkV and

electrochemicaC-V (ECV) measurements were performed
at RT. From the slope of €7 vs V a net acceptor concen-

stitutional N>'°The dominant contribution to the shoulders
comes from the phonon replicas of the main peak.

The PL spectrum observed from tiiRl+Te) 5doped
ZnBeSe sampléspectrum(c)] is quite similar to that ob-

tration (n,-ng4) can be calculated and the results are shown irserved from the N-bulk doped sample. The only difference is
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T ' T ' T " by MBE using Be—Zn co-irradiation. £1X2) RHEED pat-
11K 2856V | tern was observed after the Be—Zn co-irradiation of the
GaAs (2x4) surface, suggesting the formation of Be/Zn
dimers on the GaAs surface. Undoped ZnBeSe epilayers
@) have a very narrow FWHM of the x-ray rocking curve of 23
B 27 | arcsec with EPD as low as»x410* cm 2. The FWHM was

increased slightly, to 30 arcsec, for N-bulk doped epilayers,
45 arcsec fo(N+Te) s-doped epilayers and 51 arcsec for
2.844 eV 5%-doped epilayers, due to the incorporation of N and/or Te
l atoms. The Be and Te concentrations were estimated from
2765 eV | the (115p andb asymmetrical reflection DCXRD measure-
ments. The Te content is0.3% for the(N+Te) 5-doped
ZnBeSe and~0.5% for the(N+Te) 8°-doped ZnBeSe. The
value of ny-ng is 2x10Ycm 2 for the N-bulk doped
ZnBeSe epilayers. It increases slightly for ttiN+Te)
6-doping case, while it increases dramatically to 1.5
x 10 cm3 for the (N+Te) °-doping case. Low tempera-
ture PL measurements show emission peaks related fo Te
and/or Te-; clusters.

2.746 eV l

(b)

Intensity (a.u.)

2.66 evl l 2.836 eV

- (©)

; 2.658 eV

2.46eV
l l 2.733 eV

(d)
22 24 26 28 30
Energy (eV)

FIG. 3. PL spectra of undope@d), N-bulk doped(b), (N+Te) s-doped(c) ACKNOWLEDGMENT
and 5°-doped(d) ZnBeSe epilayers at 11 K.
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