PHYSICAL REVIEW B 73, 045211 (2006)
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Far infrared and mid infrared (FIR-MIR) reflectivity measurements have been carried out on two different
series of undoped and chlorine-doped Zn;_,Mn,Se epilayers grown by molecular-beam epitaxy. The FIR
reflection studies performed upon the series of undoped Zn;_,Mn,Se samples suggest an intermediate-mode
behavior for the optical phonon modes in the composition range (0<x<0.43). In addition to the known
ZnSe-like and MnSe-like phonon resonances a “weak-mode” feature is found below the MnSe-like phonon
band. The frequency of this feature shows a temperature and Mn dependent redshift. We suggest that this
feature originates from the alloy disorder present in the samples. The shape of the reststrahlen band is found to
change significantly with layer thickness. This is discussed in some detail for pure ZnSe epilayers. To extract
some information about the electron effective mass, we performed room-temperature plasma edge measure-
ments on chlorine-doped n-type Zn,_Mn,Se epilayers (0=<x=<0.13). Via Drude-Lorentz-type multioscillator
fits to our data, we extracted the optical electron effective mass (mzp) in a series of doped Zn(Mn)§e:Cl
samples with different Mn contents and free-electron concentrations. Our results indicate that m(',p in
Zn;_Mn,Se is lower than that for ZnSe. In n-type chlorine-doped ZnSe samples with different free-electron
concentrations, mzp varied from 0.133 m, to 0.152 m,, while in Znjg;Mn 3Se:Cl samples, we found a
variation from 0.095 m to 0.115 m within about +9% experimental accuracy. From theoretical calculations,
we determined the extrapolated room-temperature band-edge electron mass in ZnSe and Zn, g;Mn, 13Se to be
about 0.132 m, and 0.093 m,, respectively. Additionally, from electrical Hall effect measurements on
Zn;_Mn,Se:Cl epilayers, we found a drastic reduction in the free-electron concentration with increasing Mn
content. The incorporation of Mn increases the resistivity and decreases the mobility of the free charge carriers

in the samples.
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I. INTRODUCTION

The large band gap and the close matching of the ZnSe
lattice constant to that of GaAs make ZnSe-based materials
interesting for a variety of potential applications in optoelec-
tronic devices, e.g., light-emitting diodes and blue-green la-
ser diodes,!= electro-optic waveguide modulators,* or blue-
ultraviolet photodetectors.®> Zn,_,Mn,Se belongs to the group
of II-Mn-VI semimagnetic or diluted magnetic semiconduc-
tors (DMSs) with an energy gap tunable between 2.66-3.4
eV, depending on the Mn content and the applied magnetic
field.*® In Zn,_,Mn,Se, Zn>* ions are randomly substituted
by magnetic Mn?* ions in the cation positions, leading to
interesting magneto-optical properties, such as a giant Zee-
man splitting of the band edges.%”” The latter makes it a
suitable candidate for divising spin filters'® or utilizing it as a
spin aligner in spin-based optoelectronic devices (see, e.g.,
Refs. 11-14).

In the present work, unpolarized reflection measurements
in the far-infrared to the mid-infrared spectral range are em-
ployed in combination with electrical Hall effect measure-
ments in order to investigate the phonon and free-charge-
carrier properties of Zn;_ Mn,Se as a function of Mn content
and free-electron concentration. Previous reports on long-
wavelength optical phonons in bulk and thin film
Zn,_,Mn,Se epilayers investigated via Raman scattering'>~!”
and/or using far-infrared reflection and transmission
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studies'®!® demonstrated that Zn;_Mn,Se exhibits an
intermediate-mode behavior for the optical phonons. How-
ever, there was only experimental evidence for ZnSe-like and
MnSe-like phonon features. To our knowledge, there are no
reports available in the literature for the electron effective
mass in Zn;_,Mn,Se.?’

For investigating phonon properties, we used the dielec-
tric response model to analyze our FIR reflection measure-
ments performed on a series of six undoped Zn;_Mn,Se
samples with different Mn content. Phonon properties and
the thickness effect on the reststrahlen region are discussed,
based on experimental data and theoretical modeling. The
room-temperature plasma edge measurements have been car-
ried out on nine chlorine-doped Zn;_ ,Mn,Se samples (0<x
=<(.13) with different free-electron concentrations. Hall ef-
fect measurements were performed on chlorine-doped
Zn,;_Mn,Se samples with various Mn contents (0<ux
=<0.30). We report the effect of Mn on the free-charge-
carrier effective mass, free-electron concentration, mobility,
and resistivity in differently doped Zn;_Mn,Se samples. Re-
sults are presented and discussed.

The used experimental techniques and growth of samples
are described in Sec. II. The theoretical background for mak-
ing fits to the infrared reflection data is presented in Sec.
III A. In Sec. III B, we discuss the theoretical calculation of
the electron effective mass. Section IV A contains our results
for the temperature dependence of the zone center optical
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phonons in undoped Zn;_ Mn,Se epilayers with different Mn
contents (0 <x=<10.43). The thickness effects on phonon fea-
tures are explained in Sec. IV B. Section IV C presents our
plasma edge measurements performed on chlorine-doped
Zn;_Mn,Se epilayers having low Mn content (0<x=<0.13).
It summarizes and compares results of experimentally ob-
tained optical electron effective mass values with theoretical
ones calculated using Kane’s two-band model. The conduc-
tion band-edge masses for ZnSe and Zn, g;Mn ;3Se obtained
from a match between theory and experiment are summa-
rized in Table II. Section IV D contains the results of elec-
trical Hall effect measurements for chlorine-doped
Zn;_Mn,Se samples for fixed doping source temperature.
Section V summarizes our main findings.

II. GROWTH AND EXPERIMENT

Two series of undoped and chlorine doped Zn;_ Mn, Se
samples with Mn concentrations ranging from O to 43% were
epitaxially grown on semi-insulating GaAs(001) substrates
by molecular-beam epitaxy (MBE). Elemental Zn, Mn, and
Se sources were used. The substrate temperature was fixed to
280 °C. For the doped sample series, a ZnCl, compound
source was used for n-type doping of the samples. The
Zn;_Mn,Se layer thickness varies between 170 and 1000
nm. The latter was determined optically by analyzing the
Fabry-Pérot fringes in the visible spectral range in room-
temperature  reflectance  spectra, using composition-
dependent and wavelength-dependent refractive index data
from our previous work.?! For accurate determination of the
manganese content in each sample, we used Rutherford
backscattering (RBS), particle-induced x-ray emission
(PIXE), energy dispersive x-ray (EDX) analysis, and x-ray
diffraction (XRD).2 The results from all these methods were
in reasonable agreement, but the possibility of about +1%
error bar in the manganese concentration determination still
cannot be excluded.

The reflectivity of Zn,_Mn,Se epilayers was measured
over the wave number range from 150 to 5000 cm™' using a
Bruker IFS113v Fourier transform spectrometer. Measure-
ments were carried out at an angle of incidence of about 11°
with a gold mirror as a reference. Spectra were taken at a
resolution of 1 cm™'. In order to improve the signal-to-noise
ratio, an average over 100 interferrogram scans was Fourier-
transformed for each spectrum. A mercury lamp in combina-
tion with a helium cooled Si bolometer detector and a 3.5
-um-thick mylar beam splitter were employed for the mea-
surements in the far-infrared (FIR) region from 150 to
650 cm™!. In the mid-infrared (MIR) region from 700 to
5000 cm™!, a mercury cadmium telluride (MCT)/KBr detec-
tor and a KBr beam splitter were used with a globar (silicon
carbide) light source. To cover the small gap from 650 to
700 cm™!, we measured the spectra from 600 to 3000 cm™!
using a deuterated tri-glycine sulphate (DTGS)/KBr detector
with globar light source and KBr beam splitter. Signal
strength and reflectivity accuracy were better in the FIR
range than the MIR, so the MIR reflectivity spectra were
rescaled to coincide with the FIR reflectivity spectra in the
overlapping region.
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III. THEORETICAL CONSIDERATIONS

A. Data analysis

Theoretical reflection spectra based on a multioscillator
model for optical phonons and a Drude model for free-
charge carriers can be calculated. In the normal-incident
case, the reflectivity R is given by

(n=12+«2
T+ 1)+

(1)

where n is a real part of the refractive index and « is the
extinction coefficient. The relation between n and « is given
by the complex dielectric function e(w)=(n+ix)>.

For photon energies well below the band gap, the optical
dielectric function in the material arises from the interactions
among photons, phonons, and plasmons. For undoped (in-
trinsic: i) semiconductors, the contribution of polar lattice
vibrations to the dielectric function can simply be described
by using classical harmonic oscillator (HO) functions with
Lorentzian-type broadening. Multinary group alloys with
multiple IR-active phonon modes require sets of multiple
oscillators to model the dielectric function. The classical
model for a set of j uncoupled harmonic oscillators can be
expressed as

F.0% .
e(w) = () = €, + > ——1 (2)
j wTO’j—w —l’yTO,jw
with
W — W
Fj: eoo LO’ 2 TO’ ) (3)
W1 j

were F;,orq ), and Yroj> are the strength, resonance fre-
quency, and the broadening values of the jth oscillator, re-
spectively. €, is the high frequency dielectric constant, which
includes the contributions from all the interband transitions
to the dielectric function. For undoped samples, the only
contribution to the dielectric function comes from the lattice
atoms, denoted here as e“(w). However, for the case of
mixed alloys like Zn;_ Mn,Se, multiple phonon modes with
large transverse optical-longitudinal optical (TO-LO) split-
ting exist. In this case, due to the anharmonicity effects, the
simple model presented in Eq. (2) is not sufficient anymore
to accurately describe the infrared (IR) reflection data (see,
e.g., Refs. 23-25 and references therein). Therefore, for
mixed alloys like i-Zn;_Mn,Se the IR dielectric function is
written as a product of individual oscillator terms®*

2 2 .
w” — wLO!- + l')’LO, ()
e(w) = (o) = e ]| 72—,
j w _(I)To’j"‘l'yTO,jC!)

(4)

where wro (wo;) and yro(y0,) are the frequency and
broadening values of the jth transverse (longitudinal) optical
phonon mode, respectively.?

In case of the chlorine-doped Zn;_,Mn Se samples, free-
charge carriers are present in the medium so the total dielec-
tric function is written as a sum of the lattice contribution
€“(w) and the free-carrier (FC) contribution €(w)
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e(w) = () + € (). (5)

The free-charge-carrier contribution to the dielectric function
€(w) is described by the well-known classical Drude equa-
tion

2
() == ——2— (©6)

W +i 0, ’

where w, is the unscreened”’ plasma frequency and 7, the
plasma damping constant, respectively. y, is equal to the
inverse scattering time of the conduction band electrons in
the crystal and can therefore also be used to extract the op-
tical resistivity and optical mobility in doped samples.?

The optical electron effective mass mzp at the Fermi en-
ergy and the electron mobility u can be determined from?’

2

w ne
Mgy = 5 (7)
Gpr
and
e
m=—, (8)
Mop¥p

where e is the electronic charge, €, is the permittivity of free
space, and n is the free-electron concentration, respectively.
The free-electron concentration in the mentioned formula
was determined using Hall effect measurements.

. . *
B. Theoretical calculations of m,

From our results (see Sec. IV C), we found that both ZnSe
and Zn;_ Mn,Se show a carrier density dependent electron
effective mass due to the conduction band nonparabolicity.
The nonparabolic dispersion of the conduction band has been
calculated using Kane’s k-p perturbation approach.’® In
Zn;_Mn,Se, for x=0 (=0.13), the spin-orbit (SO) splitting,
Agp=0.424 eV (=0.53 V) is much smaller than the band
gap energy Eg=2.711 eV (=2.664 eV).2! Therefore, we ne-
glected the spin-orbit splitting in our calculations. This ap-
proximation is used to estimate the perturbation of the lowest
conduction band by the valence bands. Neglecting further
perturbations from remote bands, an analytical form of the
conduction-band dispersion is obtained by solving Kane’s
two-band k-p model®

252 122
Ec(k)=Eg+—+ —( EG+4Ep— —EG), 9)
27’]’[0 2 2m0
Eg is the direct band-gap energy (at k=0), and Ep is an
energy parameter related to the interband momentum matrix
element (P),

Ep=2myP* (10)
with
) 1 my
P'=—|—-1|Eg, (11)
2mg \ my

where my is the free-electron mass and mr, the effective I'g
conduction band-edge mass. The optical electron effective
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mass determined in our measurements is k dependent and
given by

1k

~ dE(R)idk (12)

(k)
The expression for the optical electron effective mass calcu-
lated using Egs. (9)—(12) can be approximately described by

1 1 my
——=—"1+[—-1
my, (k) mg mr,
me \2n22 ]
X 1+(—°—1> L , (13)
mr, moEg
where mr., the effective I'¢ conduction band-edge mass, is
used as a fit parameter in our calculations. The relation k¢
=(37°n)' relates the Fermi wave vector k; to the free-
electron concentration n. Neglecting the thermal broadening
of the Fermi distribution, the Fermi level can be approxi-
mated (at the Fermi wave vector k) using the experimentally

determined infrared optical electron effective mass (mzp) via
the following equation:

72k}
2my, (k)

Ef(k) = (14)

IV. RESULTS AND DISCUSSION

A. Far-infrared reflectivity: Phonon properties (series of
undoped samples)

Microscopic vibrations involving the motion of the
atomic nuclei (which are much heavier than the electrons)
usually have their resonance frequencies in the infrared re-
gion. These characteristic frequencies depend on the oscillat-
ing masses and the strength of the bonding between them.
Therefore, infrared (IR) spectroscopy is a useful tool to ex-
tract information about lattice vibrations, impurities, disor-
der, and alloy compositions.

Figures 1 and 2 show the temperature-dependent FIR re-
flectivity spectra for two typical Zn,_Mn,Se/GaAs (x=0,
0.43) samples measured over the wave-number range from
190 to 320 cm™! at temperatures from 20 to 300 K. Figure 3
compares the FIR reflectivity spectra for several
Zn,_Mn,Se/GaAs (x=0, 0.14, 0.22, 0.43) samples mea-
sured at 20 K. For clarity, the spectra are shifted on the
reflectivity scale. (The arrows are used to indicate the varia-
tion of different features as a function of temperature or Mn
contents.) The optical phonon mode frequencies and other
parameters extracted from the theoretical fits to the experi-
mental FIR spectra at 20 K (discussed in Sec. IIT A) are
collected in Table I.

It should be noted from Table I that for the Zn,_,Mn, Se
samples with low Mn contents (x=0, 7.94%) the equal val-
ues for the transverse optical (TO) and longitudinal optical
(LO) broadenings () are found. For such cases, the usual
sum of contributions to the dielectric functions would also be
sufficient.3! However, for the samples with larger Mn con-
tents, the differences between LO and TO broadenings be-
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FIG. 1. Temperature-dependent far-infrared reflection spectra
for an undoped ZnSe/GaAs sample. These measurements were per-
formed at an angle of incidence of about 11°.

come significant and the anharmonicity effects discussed in
Sec. II A play a larger role and have to be taken into account
to model the experimental data accurately.

In Fig. 1, the FIR reflectivity spectrum for the
ZnSe/GaAs sample shows two phonon features: ZnSe and
GaAs phonons at 205.8 and 268.3 cm™!, respectively (300
K). At 20 K, the TO-phonon frequency (wyg) of both ZnSe
and GaAs phonons shows a blueshift of about 4 cm™'. This
particular sample contains a 172-nm-thin epilayer of i-ZnSe
deposited on an i-GaAs substrate. It is interesting to note the
thickness effect on the shape of the reststrahlen band for the
ZnSe phonon. This aspect is discussed in more detail in Sec.
IV B.

The inset in Fig. 1 shows the typical structure of our
samples studied in this work. We used a three-layer model to
analyze our data. This model consists of the GaAs substrate,
the Zn;_ Mn,Se layer (170-1000 nm) and a very thin (5 nm)
ZnSe cap layer, which was deposited to prevent oxidation of
the Zn;_ Mn,Se layer.

For the case of Zn,s7Mn 43Se/GaAs (Fig. 2), there are
even at room temperature three clear phonon features at 200,
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FIG. 2. Temperature-dependent far infrared reflection spectra for
an undoped Zng 57Mn( 435¢/GaAs sample. The arrows are used to
guide the eye.
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FIG. 3. Far-infrared reflection spectra for nominally undoped
Zn,_Mn,Se/GaAs (x=0, 0.14, 0.22, 0.43) samples at 20 K. The
arrows are used to guide the eye.

220.8, and 268.3 cm™! attributed to ZnSe-like, MnSe-like,
and GaAs-like phonons, respectively. At 20 K, the wrg of
ZnSe-like, MnSe-like, and GaAs-like phonons shows a blue-
shift of about 3.7, 3.8, and 4 cm™!, respectively. In addition
to the known ZnSe-like and MnSe-like phonon resonances,
we observe a weak feature below the MnSe-like phonon
band, labeled D in Figs. 2 and 3. With increasing Mn con-
centration (see Fig. 3), the frequency of this feature shows a
redshift comparable to that of the other phonons. From Fig.
2, we notice clearly that as the temperature decreases to 20
K, the frequency of this weak feature also shifts to higher
frequencies like the other phonon features. This observation
excludes the possibility for the D feature to be an experimen-
tal artifact. We suggest that the additional feature observed in
our measurements is a weak mode, which has its origin in
the alloy disorder resulting from the Mn incorporation in the
samples. The alloy disorder in the samples leads to the spa-
tial composition fluctuations resulting in clustering or forma-
tion of Mn-related complexes. These microscopic changes in
the neighboring environment can result in such weak-mode
features.’>3

Figure 4 shows the variation of wrg and wy g as a function

270 & : ; . . 3348
265 F Zn, Mn Se/GaAs 20K 132386
260 F, B & > B 13224
255 F J31.62
{E‘ 250 33100
G 245 430383
5 240 12078 £
S 235 o 32814 5
E 230 8 » . EPLY- 3
u‘) 225 o = 427.90 5
S 220 o o 42728
S 215 126,66
210p > J26.04
205E > > > > 32542
200 . . . . 42480
0.0 0.1 0.2 0.3 0.4 0.5

Mn concentration

FIG. 4. Variation of optical phonon mode frequencies as a func-
tion of Mn content extracted from theoretical fits to the experimen-
tal FIR reflection data (T=20 K). The dotted lines are used to guide
the eye. Symbols are described in the text.
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TABLE 1. ZnSe-like and MnSe-like phonon mode parameters extracted from theoretical fittings using Eq. (4).

ZnSe-like mode

MnSe-like mode

Sample  Mn (%)  wrolem™)  wrolem™)  yolem™)  yolem™)  wrolem™)  wolem™)  yrolem™) g o(em™)
1 0 209.8 258.1 1.6 1.6

2 7.94 208.5 258.8 2.51 2.51 234.43 234.17 2.55 2.55

3 14 207.04 259.7 4.55 4 231.75 229.95 7.41 7.41

4 22 206.62 261.3 5.03 4.47 229.36 226.27 8.52 7.97

5 31 205.18 260.65 5 3.5 228.21 220.84 11.12 6.95

6 43 203.95 261.6 8 3.57 225.69 218.85 7.23 10

of Mn content extracted from fits to our FIR reflection data
measured at 20 K. The triangles (squares) are used for the
ZnSe-like (MnSe-like) phonon modes. The solid (empty)
symbols represent the TO (LO) modes. ZnSe-like TO and
MnSe-like TO frequencies both shift continuously toward
lower wave numbers with increasing Mn concentration.
However, the ZnSe-like LO frequency shifts only very little
toward higher wave numbers with increasing Mn concentra-
tion. (The dotted lines are used to guide the eye.) According
to the extended classification scheme for the optical phonon
modes in mixed alloys (Genzel et al.>*), the observed behav-
ior in our Zn;_,Mn,Se series of samples (0<x=<0.43) cor-
responds to an “intermediate-mode” behavior. A similar be-
havior for Zn,_,Mn,Se mixed crystals was also observed in
previous studies.!>?

B. Thickness effects in layered media

Figure 5 demonstrates the effect of the layer thickness on
the shape of the reststrahlen band. It compares the simulated
FIR reflectivity spectra for an undoped ZnSe/GaAs sample
with different ZnSe layer thicknesses. The experimental
spectra for cases (a) and (b) are represented by circles. In the
simulation, the wyg and w; g frequencies for ZnSe at 20 K
are taken to be 210 and 257 cm™!, respectively. It is interest-

ing to note, how the reststrahlen band of ZnSe phonon
changes its shape depending on ZnSe layer thickness.

This effect can be understood with the help of the imagi-
nary part of the refractive index. Without damping, « has a
singularity at the transverse optical (TO) phonon frequency
wro and decays strongly toward the longitudinal optical
(LO) phonon frequency w; ¢ (see inset). Consequently in the
reststrahlen band region, the evanescent wave has a short
penetration depth /, close to the wrg frequency. The penetra-
tion depth [, is related to the extinction coefficient « via the

following relation:
-1
®
l,= [ K(w) ;] ,

where o is the frequency and c is the velocity of light in
vacuum. [, increases strongly towards the longitudinal opti-
cal (LO) phonon frequency w;g. As a result, in the rest-
strahlen band, the reflectivity will be high in the spectral
region where the sample thickness d is larger than the pen-
etration depth (d>1;). For the spectral ranges where the
sample thickness d is shorter than the penetration depth (d
<I,), the resulting reflectivity will be lower since for (d
<lp), the evanescent wave reaches the substrate below the

(15)
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FIG. 6. Plasma edge observed in the room-temperature infrared
reflectivity spectra of n-type Zngyg;Mng3Se:Cl and ZnSe:Cl
samples. The dashed line is a fit to the experimental points using
reflectivity spectra calculated with Egs. (1) and (5). The inset shows
the spectral region around the ZnSe-like, MnSe-like and GaAs-like
phonons.

top layer and continues to propagate in the substrate in an
oscillatory fashion.

Therefore, this effect can easily be seen in samples with a
thin ZnSe layer resulting in a narrow reststrahlen band, e.g.,
case (a). If the ZnSe layer is thick enough (d>1[;) to provide
enough medium for evanescent wave propagation in the
ZnSe layer, e.g., case (c), then a full ZnSe reststrahlen band
can be observed. In case (c), the GaAs reststrahlen band has
disappeared due to damping (y=1.36) in the ZnSe layer. In
the ideal situation of zero damping (y=0), e.g., case (d), full
reststrahlen bands of ZnSe and GaAs can be observed. The
narrow oscillations in case (d) are the Fabry-Pérot fringes
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FIG. 7. Optical electron effective mass (mzp) as a function of
free-electron concentration for n-type ZnSe:Cl samples.
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due to the very large ZnSe layer thickness (1000 wm) used
in the simulation. In case (d), the reflectivity slightly above
ZnSe-w; o does not go completely to zero due to the contri-
bution coming from the underlying GaAs substrate.

C. Plasma edge reflectivity: Determination of electron effective
mass (series of doped samples with =13 % Mn)

To extract some information about the electron effective
mass, we studied a series of n-type Zn(Mn)Se:Cl bulk layers,
with free-electron concentrations ranging from 1.0
X 10 cm™ to 8.0X 10" cm™. All doped Zn,_,Mn,Se
samples (0=<x<0.13) investigated in this section had the
zinc-blende structure, in agreement with the results of
Kolodziejski et al.®> The free-electron concentration in our
samples was determined using Hall measurements (see Sec.
IV D). The experimental electron effective mass was ex-
tracted from reflectivity data by making a fit using the
Drude-Lorentz model described in Sec. IIT A.

Figure 6 shows the room-temperature infrared reflectivity
measurement (solid line) and theoretical fit (dashed line) of a
Znyg7Mng 13Se:Cl and a ZnSe sample with free-electron
concentration  (optical mobility) of 3.5X10'8 cm™
(155 ecm?V's™h) and 2.1Xx10"% cm™ (295 cm? V-!s™h),
respectively. The inset clearly shows the presence of ZnSe-
like and GaAs-like phonons at 203 and 269 cm™, respec-
tively. In case of the Zn, g;Mn 13Se sample, there is another
very weak feature at 228 cm™!, attributed to the MnSe-like
phonon. The data for these samples resulted in optical elec-
tron effective masses of 0.104+0.009 m, (13% Mn) and
0.133+£0.009 m, (0% Mn), respectively, where mg is the
free-electron mass. The plasma reflection edge is very broad
due to the low electron mobility in these samples.

Figures 7 and 8 summarize the optical electron effective
masses mz as a function of free-electron concentration for
n-type ZnSe:Cl and Zn;_Mn,Se:Cl (x=0.10, 0.105, 0.115,
and 0.13) samples, respectively. We note that the optical
electron effective mass values for Zn;_ ,Mn,Se are lower than
for ZnSe. The solid line represents the calculated mzp values
obtained from Eq. (13) given in Sec. III B with the I
conduction-band-edge mass as an input fit parameter.’® For
calculations, we used the Zn;_Mn,Se band-gap energy Eg
=2.71 eV (2.664 eV) for x=0% (13%), respectively.?! Both
experimental and calculated electron effective masses in-
crease as a function of free-carrier density. However, the
increase in the calculated electron effective mass is less pro-
nounced than is found in experiment. This may be due to the
fact that in our calculations we neglected the increase in the
effective I'¢ conduction-band-edge mass with increasing
free-electron concentration.’”° The carrier density depen-
dent electron effective mass in ZnSe and Zn,_Mn,Se pro-
vides information about the nonparabolicity of the
conduction-band dispersion, %!

From our theoretical modeling (see Sec. Il B), we esti-
mate the extrapolated room-temperature band-edge electron
mass (mr ) in ZnSe and Zn g;Mny 13Se to be about 0.132 m,
and 0.093 m, respectively (within about 9% accuracy).
The former value is in good agreement with the previously
reported conduction-band-edge masses*>~* listed in Table II.
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TABLE II. Conduction-band-edge masses.

ZnSe Zng g;Mng 13Se
This work 0.132 m 0.093 my
Reference 42 0.140 my (at 0 K)
Reference 43 0.130 m
Reference 44 0.135 myq (at 4.2 K)
Reference 45 0.137 my

To our knowledge, no reported value seems to be available
for the electron effective mass in Zn,_Mn, Se. However, pre-
liminary magneto-ellipsometric measurements*® suggest a
mzp value of 0.107 m for Zn, 9yMny ;oSe at a carrier density
of 6.0 10" cm™, in good agreement with our results.

Figure 9 compares the shift of the electron Fermi level as
a function of free-electron concentration for ZnSe and
Znjg7Mn 13Se samples. As expected, the electron Fermi
level is higher for similar electron concentrations due to the
lower electron effective mass in Zngg;Mny) 3Se.

The optical mobility and electron effective mass extracted
from infrared studies of doped samples are listed in Table III.
The comparison between the optical and electrical mobilities
is presented in Sec. IV D.

D. Hall effect measurements: Free-electron concentration and
mobility (series of doped samples)

The free-charge-carrier concentration and the Hall mobil-
ity were determined by room-temperature Hall and conduc-
tivity measurements in the van der Pauw configuration using
a magnetic field of 0.9 T. The obtained free-electron concen-
trations, Hall mobilities, and resistivities are listed in Table
III. Mn incorporation into ZnSe not only reduces the electron
effective mass but also influences its maximum dopability
limit.*’ The incorporation of Mn increases the electrical re-
sistivity and decreases the mobility due to the increasing
scattering rates and the decreasing carrier concentration.*

Figure 10 shows the effect of Mn incorporation on the

 Optical electron effective mass
¢ x=0.130 (our data)
A x=0.105 (our data) I

* x=0.115 (our data) l
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particular Fermi level in the conduction band (CB).

free-electron concentration. At constant ZnCl, doping source
temperature (190 °C), the free-electron concentration de-
creases continuously with increasing Mn content in the
sample. If more Mn is incorporated in the samples with con-
stant ZnCl, effusion cell temperature, the doping concentra-
tion is expected to slightly decrease due to the resulting in-
crease in the growth rate. However, we found that the
incorporation of only 30% Mn causes a very strong reduction
in the free-electron concentration, much higher than the ex-
pected influence of the growth rate. A similar behavior, stud-
ied for limited Mn concentrations of up to 11% was also
reported elsewhere.*® This drastic decrease in free-electron
concentration is due to the formation of Mn-related defect
complexes.

Figure 11 compares the reciprocal room-temperature Hall
and infrared mobilities [extracted from Eq. (8)] as a function
of the free-electron concentration for ZnSe. The mobility re-
sulting from scattering at ionized impurities u; is related to
the ionized impurity density Nj via the proportionality
equation®®

i O (m*)—l/ZNI—IT3/2’ (16)

where T is the temperature and m" the effective mass, respec-
tively. At room temperature, most impurities are ionized.

IS
x

a
=)

® T (2nCl,)= 180 °C

2x10™

e

10°
8x10"”

6x10"
®

Free-electron concentration (cm™)

4x10”} Zn_Mn Se

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
Mn concentration x

FIG. 10. Room-temperature free-electron concentrations for the
samples grown with a fixed ZnCl, source temperature but with
different Mn contents.
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TABLE III. Mn content, free-electron concentration, Hall and infrared mobility, resistivity, and optical electron effective mass for

different MBE-grown chlorine doped Zn;_Mn,Se:Cl epitaxial films.

Sample Mn (%)  n(10%cm™)  pga(em?/V-S)  wr(cm?/V-S)  puu(1072 Qem)  pr(1073 Q cm) mzp/mo (IR)
1 0 2.11 363 295 8.14 9.98 0.1334
2 0 3.27 318 223 6.0 8.56 0.140
3 0 4.77 273 205 4.79 6.38 0.145
4 0 7.45 286 224 2.93 3.74 0.152
5 12.8 1.28 161 151 30.2 322 0.095
6 13.1 2.93 145 131 14.7 16.2 0.100
7 12.7 3.50 180 155 9.88 11.5 0.104
8 10.5 5.27 161 138 7.37 8.58 0.115
9 11.5 5.89 155 136 6.85 7.8 0.112
10 10.0 6.0 92 1.13 0.107°

4Reference 46.

Both reciprocal mobilities (upy , ;) increase with increas-
ing doping concentration, as predicted by (16). At very high
doping concentrations, this behavior seems to saturate. The
optical mobility is found to be lower than the electrical Hall
mobility, roughly by a factor of 0.7. Such a difference in
optical and electrical mobilities was also observed for other
materials.’! -3

V. CONCLUSIONS

In conclusion, we investigated the phonon and free-charge
carrier properties in undoped and doped series of
Zn;_Mn, Se samples grown by molecular-beam epitaxy. The
far-infrared reflection studies performed on series of un-
doped Zn;_,Mn,Se samples suggest an intermediate-mode
behavior for the optical phonon modes in the composition
range 0 <x=<0.43. In addition to the known ZnSe-like and
MnSe-like phonon resonances, we also observed a weak-
mode feature below the MnSe-like phonon band. This addi-
tional feature shows a temperature and Mn concentration de-
pendent redshift. We suggest that this weak mode has its
origin in the disorder resulting from the Mn incorporation in
the samples. From room-temperature plasma edge measure-

0.005- ry -0.005
A,/ \\‘A
——
o i ’ | <
50.004— ’ -0.004 £
5 [ 7/ B °
2 ) * ] g
= P L 2 - _
:ii! - A L 1 3
L ’, < =3
0.003 - ’," < 0.003
Rd ZnSe
M T ST T ST TS

2 3 4 5 6 715 48
Free-electron concentration n (10 'cm™ )

FIG. 11. Reciprocal room-temperature optical and electrical mo-
bility vs free-electron concentration for ZnSe samples measured by
Hall effect (diamond) and IR reflection measurements (triangles).
The dashed lines are used to guide the eye.

ments carried out on chlorine-doped n-type Zn;_Mn, Se ep-
ilayers (0=<x=<0.13) and from their theoretical fittings using
the Drude-Lorentz multioscillator model, we extracted the
optical electron effective mass (mzp) in doped Zn(Mn)Se:Cl
samples with different Mn contents and free-electron con-
centrations. A distinct reduction of the electron effective
mass in Zn,_Mn,Se is observed with increasing Mn content.
ZnSe and Zn;_,Mn,Se both show a carrier density depen-
dence of the electron effective mass due to the nonparabolic
nature of the conduction band. From our theoretical model-
ing, we determined the extrapolated room-temperature band-
edge electron mass in ZnSe and Zn, g;Mn, 13Se to be about
0.132 mg and 0.093 m,, respectively (within about +9% ac-
curacy). The optical mobility and resistivity are found to
decrease with increasing free-electron concentration in ZnSe
samples. From room-temperature Hall effect measurements
on chlorine-doped Zn;_Mn,Se samples, we found a drastic
reduction in the free-electron concentration with increasing
Mn content. The incorporation of Mn increases the resistivity
and decreases the mobility of the free-charge carriers in the
samples. The knowledge about the influence of Mn on the
conduction-band-edge mass and the electrical properties like
free-electron concentration, mobility, and resistivity will be
beneficial for utilizing ZnSe-based materials in device appli-
cations.
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