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Low-Resistivity Cl-Doped ZnSe Layers Grown by Molecular Beam Epitaxy

K.Ohkawa, T.Mitsuyu and O.Yamazaki

Central Research Laboratories

Matsushita Electric Industrial Co. ' Ltd.
" 

Osaka 57O, Japan

Chlorine-doped ZnSe on (lOO)GaAs has been grown for the first time by Molecular
Beam Epitaxy. The Ct-doped ZnSe layer exhibited extremely low resistivity and high
carrier concentration compared with Ga-doped ZnSe. Strong blue near-band-gap
photoluminescence at room temperature was observed for an appropriate doping level.
It was found by SIMS analysis that the diffusion of CI atoms in the ZnSe layer during
growth was negligible.
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1. Introduction
ZnSe, with its direct band-gap around 2.7eV

at room temperature, is an important material for
the candidate of efficient blue light-emitting
diodes (Leots). The molecular beam epitarry (MBE)

is one of the most promising techniques for the

growth of high-quality ZnSe'epilayersl). It has

been found that undoped ZnSe grown by MBE with
high-purity source materials shows high

electrical resistivity2). In order to obtain n-
type ZnSe with low resistivity, doping of Ga has

been atiernpted so far by MBEI)'3)'4). However,

the camier concentration and the resistivity
have been limited to sxtOlTcrn-S and o.oSohm.cm,

respectively.

Recentlyr w€ have grou,n Cl-doped ZnSe

layers by MBE usi.ng ZnCL, as a doping source. The

Cl atom doped in ZnSe is known to act as a donor

whose ionization energJr is 26.2mev5). As a

result, we have obtaind n-type layers with
extremely low resistivity. In addition, blue
photoluminescence (PL) intensity has considerably
improved comparing to our Ga-doped samples. In
this paper we report the electrical and PL

properties of the Cl-doped ZnSe with various
doping levels, and consider the validity of Cl-
doped ZnSe for tEDts.

2. Erperimental procedure

The l{BE growth was camied out on semi-

insulating (10O)GaAs substrates using source

materials of Zn, Se and ZnCl, rrnder ultra high
vacuum conditj.ons. The substrate was chemically
etched in a solution of H'SOO: HrOrz HrO= 5: 1: 1

at SOoC for 2 ninutes. Prior to growth, the
substrate was thermalJ-y cleaned at 6OOoC for 10

mj-nutes. The purity of Zn and Se was 6-nine
grade, and that of ZnCL, was S-nine grade.

Typical source temperatures were 44O and 24OoC

for Zn and Se, respectively. The beam fLux ratio
of Zn to Se was kept at about Jzn/Jse=l. The

doping level of Cl was controlled by the

temperature of ZnCL, (frr) in the K-ce1L. The

temperature of ZnCL, was varied from 15O to
25OoC. In this condition, it is estimated that
ZnCL, vapor pressure in the K-cell varies from

2x1o:6 to 1x1O-3Torr. The substrate temperature

during the growth was 32SoC. The growth rate of
ZnSe was kept at 2A/sec, and the layer thickness
was around 2 microns.

PL measurements were made at room

temperature using 365nm emission from an Hg-lamp

as an excitation source. The excitation power

densi.ty was as low as O.5W/cn2. Electrical
properties were measured by th". Van der Pauw

method using In-Hg ohmic electrodes.
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Fig. 1

(a) Nomarski microphotograph of the surface of
the Cl-doped ZnSe layer grown at Trr-2OOoC.
(b) X-ray diffraction pattern for (4OO)

reflection from Cl-doped ZnSe with Z,O micron
thick grown at TCI=2OOoC on a GaAs substrate.

3. liorpholory and cr"Srstallinif
The Cl-doped ZnSe layers extribited

mirnor-like surface rnorphology for the unaided
eye even in the highest doping level, Figure 1(a)
shows a Nomarski Microphotograph of a Cl-doped
ZnSe layer grourn at Tcl=legog. The photograph
shows that' the surface is slightl-y wavy. Such

morphologJr was similarly observed in undoped ZnSe

layers.
It has been found by X-ray diffraction

measurements that the C1-doped ZnSe layers have
good crystallinity regardless of a doping level.
Figure 1(b) shows an X-ray diffraction pattern
of the C1-doped ZnSe layer. The peak of ZnSe

(4OO) is as sharp as that of GaAs (aOO) and its
half width is about lBO't. This value is
determined by the limit of the instrunent.

4. Elechical pnoperties

Our undoped ZnSe layers extribited high
resistivity above 1O4ohm.cm. It has been found
that the electrical properties of Cl-doped ZnSe

layers can be widely control_led by the ZnCl, cell
temperature. Figure 2(a) shows the electrical
properties of the Cl-doped ZnSe layers at room
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Fig. 2

(a) El-ectrical properties of the C1-doped ZnSe

layers at room temperature as functions of Trr.
(b) Temperature dependence of electrical

properties of Cl-doped ZnSe layer grown at
Tcr=2oooc'
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temperature plotted as functions of Trr. The

camier concentration increases with an increase

of Ta, and well corresponds to the ZnCL, vapor

pressure shovnr in the figure with a broken l-ine.

At Tar=2SOoC the carier concentration and the

resistivity reach txtol9crn-3 and 3x1o-3ohm,cm

respectively; these are remarkable improvements

comparing to the Ga-doped IttsE ZnSe previously
. A\reported-'. Although the camier concentration

shows a tendency to saturate at Tar=2sOoC, some

improvement wouLd be expected for higher doping

level. The HaIl mobility is in the range from 20O
Dto 4OOcm-/V.s€c. There is a tendency that the

Ha11 mobility decreases in higher doping levels.
Figure 2(b) show's temperature dependences

of the electrical properties of the ZnSe layer
grown at Tar=2OOoC. At room temperature, the

resistivity, camier concentration and Hall-

mobility are 3.5x10-2ohm.cm, 5.4x1o17cm-3 and
)

35Ocm-/V.sec; respectively. It is found that the

camier concentration is almost independent of
temperature, indicating a characteristic of a

degenerate semiconductor. The mobility is almost

independent of temperature and somewhat decreases

in the low temperature region due to the impurity
scattering. For lower doping level, remarkable

improvement of the HalI mobility was observed at
low temperature region.

5. Photoluminescence properties

Pt spectra of the undoped and Cl-doped

layers at room temperature are shown in Fig.3(a).
The undoped layer e:<ttibits blue near-bahd-gap

emission around 461 nm. For the Cl-doped layer
grown at Trr=2OOoCr the blue emission

significantly increases; the intensity is 1600

times greater than that of the undoped layer. For

Tcl=225oc, however, broad deep-Ievel emission

around 58onm increases and overcomes the blue

emission. The peak intensity of the blue emission

and that of the deep-level enission are pJ-otted

in Fig.3(b) as functions of TCl. The blue
emission is strongest at TCI=2OOoC, where the

deep emissi.on is in an allowable 1evel. This

intensity of blue emission is four times larger
than that of our Ga-doped ZnSe grown at the
optimum condition4).

It is obvious that this doping leve1 is
optinum for active layers in tEDts, while the

higher doping level is useful for n+ contacting
layers which minirnize the series resistance of
the devices.
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Fig. 3

(a) PL spectra of the r.ndoped and Cl-doped ZnSe

layers at room temperature.
(b) Peak intensity of the blue and deep-Ievel

emission as functions of Tar.
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6. SIil.S analysis
A sample having a structure shown in

Fig. (a) was analized by SIMS. At first a highly
doped n+ layer (TC'=2SOoC) was grown on a GaAs

substrate. Then TCt was rapidly decreased to
2OOoC without intemuption of the growth and an

n layer was grown. FinaIIy, the cell shutter was

closed and an undoped ZnSe layer was grown. The

thickness of each layer was similarly about 0.6
micron.

The SIMS analysis was camied out using Cs+

primary ions. Figure 4(b) shows the in-depth
profires of turr, 75A" and 141zns" in this
sample. The boundary between the GaAs substrate
and the ZnSe layer is observed very clearly. It
seems that mutual diffusion of these elements
scarcely occurs at the growth temperature. The

boundary between the n and n+ Iayers is not so
sharp because of the transi. tion of TCt during
growth. However, the boundary between the n and

undoped J.ayers is very sharp. This result means

that Cl atoms in the ZnSe layer scarcely diffuse
at the growth temperature, i.e. 32boC.
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Fig. 4

(a) Structure of the sample for SIMS analysis.
The thickness of each layer is about 0.6 micron.
(b) rn-depth profiles or 35ct, tuor 
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by SIMS analysis.

It is found that the ratio of CI

concentration in the ,r* layer to that in the n

layer is about 30. 0n the other hand, the ratio
in carrier concentration should be 18 according
to tha results shown in Fig.2(a). This fact means

that a considerable amount of Cl atoms in the n+

layer is inactive. The inactive CI atoms seems to
relates to the origin of the deep-Ievel emission.

7. Conclution
Epitaxial layers of Cl-doped ZnSe urere

grown on GaAs substrates by MBE using ZnCL, as a
doping source. The layers showed mirror-like
morphology and good crystallinity as well as

undoped layers. The strongest blue
photoluminescence was obtained at TCI=2OOoC,

where the resistivity and camier concentration
were 3.5x1-o-2ohm.cm, 5.4xi-o17cm-3, 

""=p"ctively.For a higher doping level, the camier
concentration attained to 1x1O19cr-3, which is
suitable for n+ contacting layers. It was found
that the diffusion of Cl atoms in the ZnSe layer
was negligible at the growth temperature.

We conclude that Cl is more suitable than
Ga as an n-type dopant in MBE ZnSe for blue
tEDrs. The strong ionicity of Cl may provide
higher doping efficiency.
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