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We report on the variation of the absorption coefficient o, with wave number W, for
Cl-doped n-type (9.4X10'°-8% 10" cm —?) ZnSe epitaxial films grown on GaAs. Below the
classical mid-infrared range of W, o, has large values (1.6X 10°-2.11x10* em— 1)
appropriate for thin-film measurements, with a, proportional to W 7. Large variations of ¢,
and p occur as a function of the free-electron concentration. The results are compared

to a recent theoretical model by Ruda [J. Appl. Phys. 61, 3035 (1987)], which is specific to

ZnSe.

ZnSe is a good candidate for biue light-emitting de-
vices because of its suitable direct band gap (2.7 eV at
RT). However, the formation of ZnSe p-n junctions has
been difficult due to problems in controlling the conduc-
tivity of bulk crystals. Tremendous progress has been
made, however, with ZnSe thin films grown epitaxially on
GaAs. n-type doping has been reported by many authors;
however, p-type doping still remains a major problem.!
The electrical characterization of p-type ZuSe is currently
compiicated by the lack of a suitable ohmic contact tech-
nology.? To overcome this problem, a model for the deter-
mination of free-carrier concentration from the free-carrier
absorption coefficient, ay in the mid-infrared (600 -5000
cm ') has recentiy been proposed by Ruda,’ and tested
using published results for #-tvpe bulk ZnSe crystals.* For
a compensation ratio of 0.9 and n = 10 cm 7, asup to
5% 10* em ™' at 600 cm ' can be extrapolated from this
model.

This is the first report of absorption measurement in
the W ranges 35-150 and 350-3000 cm ~! on 1.06- to
1.33-um-thick n-type ZnSe epitaxial films grown on GaAs
substrates. (The 150-350 cm ~ ! range cannot be covered
due to phonon absorption in the film and substrate.)
The absorption coefficient is suitable (1.6x 10°
<ap< 2.1t x10* em - Uy for thin films and depends
strongly on the electron concentration. For each sample
aya WP, but with values of p which are quite different
according to the ¥ range. p| < 1 in the far-infrared (range
1) and p, > 1 in the mid- infrared (range 2}. The frequency
of the crossover between these two ranges decreases mono-
tonically with the carrier concentration n. The Ruda model
seems to be applicable in region 2, indicating that it may
have a wider applicability range than originally proposed.

The ZnSe films were grown by molecular beam epitaxy
{(MBE) on undoped, semi-insulating (p> 10 O om),
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(100) GaAs substrates under a fixed set of growth condi-
tions, namely, a substrate temperature of 275 °C and a Zn-
to-Se ratio of 1:2. n-type doping of the ZnSe layers in the
range 9.4 10'°-8x 10'® cm ~? was achieved by the sub-
stitutional incorporation of a Cl atom during the MBE
growth process using a ZnCl, effusion source. The doped
layers were grown on an ~0.5-um-thick undoped ZnSe
buffer layer to avoid doping interaction with the GaAs
substrate. The layers were grown in a custom-designed
MBE system previously used to grow ultrahigh-purity ho-
moepitaxial ZnSe layers.” Room-temperature carrier con-
centrations and electron mobilities in the ZnSe films were
derived by Hall effect measurements, while the film thick-
nesses were determined by cross-sectional transmission
clectron microscopy (see Table I).

The absorption coefficienis are calculated from trans-
mission measurements which were done using a BRUKER
IFS 113v Fourier transform infrared (IR) apparatus. The
measurements were made at room temperature between 35
and 5000 cm ~ ! in four overlapping regions 30-100, 80—
300, 200 600, and 450-3000 cm ! The transmission data
had strong interference fringes caused by the 370-um-thick
substrate. These fringes were removed by subtracting the
corresponding peak in the Fourier transform of the trans-
mission spectra. The same procedure was performed for
undopec ZnSe epitaxial thin films (1-2.38 um thick).
Their very high resistivity, p > 107 G cm, implies that these
undoped films have negligible carrier concentrations and
therefore, negligible free-carrier absorption; we use them as
references.

The transmission of these samples is largely governed
by the absorption coefficient of n-type ZnSe films, but also
includes the reflectivities Rij at each interface, and the ab-
sorption coefficient and the thickness of the various media:
(1) air, (2} doped film asand d, (3) undoped film o, and
¢, and (4) GaAs substrate o, and D. The expressions of the
transmissions {currently not available}, 7 and 7, respec-
tively, of the doped and reference samples for identical
substraie and the undoped ZnSe layer thicknesses would
have the forms
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TABLE 1

. Characteristics of the doped films.

Thickness Free-clectron Absorption
of doped filins concentration Mobility coefficient @ 100 gam

Sample (m} (em ) (em?Vlg 1y (cmHy P, P,
56 1.06 9.4 101 302 1.60£0.15% 10° 0.36:0.001 305
57 1.33 9.3x 10" 250 4.98£0.15x 10 0.09+0.01 2,602
58 1.33 §x 10" 207 2.11£0.014x 10* 0 4+0.2

(1= Rpp) (1 — Ry3) (1 — Ry ) (1 — Ry dexp( — ayd — ae — a D) (1)

P — FIR R Ry, Ry exp( — agd)exp( — ae)exp( —a )]
(P — Rl — Ry {1 — Rypexpl —ae — ab) 2)

Tl — FIR 3, Ry Rypexp! — aged)expl —a D)l

where F and F are polynomial functions (taking into ac-
count the reflections at the various interfaces) whose val-
ues remain < 1. 8o,

T (=Rl — Ryl —F)

7,  (—Ryp(i—#

exp{ —a fd ). (3

Because F and F* and the refractive indices of both the
doped and undoped ZnSe (which enters in R ,, Ry3 and
R,3) are not known, we make the approximation 7/7,
= exp — ad. This gives what we call the “rough absorp-
tion coefficient”. However, Eq. (3} is expected to be 2 good
first approximation, because of the dominance of the expo-
nential in comparison to the polynomial functions of R,
This simaple approzimation will be shown later to give the
expected p values in the ¥ range 2.

The transmission measurements were done with the
ZnSe films remaining on the GaAs substrates. Both ZnSe
and GaAs present absorption from phonons in the mea-
surement range. The absorption coefficients due to pho-
nons in both the GaAs (Ref. 6) and ZnSe (Ref. 7) have
been reported previously and are shown in Fig. I. For
GaAs (Ref. 6) (Fig. 1, full line), the absorption coeflicient
remains very low (o < 50 cm ™ Y outside the 28 meV
(226 cm~ 11—42.5 meV (340 ecm™ D) range. Its effect
would be practically removed from the a calculation if the
thicknesses of the substrates are identical.

Beczuse the undoped ZnSe films have different thick-
nesses in the doped and reference samples, the ZnSe pho-
nons should contribute directly to the rough absorptgcn
coefficient of the ZnSe doped films. Fortunately’ (Fig. 1,
dotted line), the phonon absorption exceeds 107 cm !
only in the range 20 meV (162 ecm™ ')-39 meV (315
cm ') and so their contribution outside is negligible.

From the high o, values in both GaAs and ZnSe, the
200-300 ¢m ' range where T and 7,~0 must be
excluded. In fact, our ay calculatmn has to be restricted
below 150 and above 350 cm ™! to be free of any ZnSe
phonon contribution.

The variations of the rough absorption coefficient of
the doped ZnSe films on GaAs substrates in the wave num-
ber ranges 35-150 and 350-3000 cm ~ ! are shown in Fig.
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2. Sample properties are given in Table I. At a given wave-
lIength, Oy increases as the carrier concentration increases.
In a W range increasing from 35-160 cm ™! to 35—~1500
cm 1, respectively from the lowest (9.4X 10 em ” 3 to
the highest carrier concentration (8)(1018 cm ~? ) s is
larger than 10° cm ~ !, For samples 57 and 58, there is fine
structure around 443 and 523 em ™! with Aa < 5107
cm !, This is because the back of the substrates has to be
lapped to remove the indium used fo glue them on the
saruple holder, then polished for the optical measurements.
This introduces a slight variation in thickness { < 15 pgm)
among the various substrates, thus stray peaks from the
GaAs phonon absorption. They are easily identified as the
Gahs phonons absorption peaks of Fig. 1, because of their
energy, size, and shape. Figure 2 (note logarithmic scales)
shows two ranges {1 and 2) for which o W2 The
exponent p is smaller and larger thar 1 for lower and
higher wave numbers, respectively. From a straight line fit

WAVENUMEBER (o)
18 ZE“I 581 481 ’”f‘}r

= 1 ! \ >0 } !/\

[ \\ J/T‘ s TN

= /

r - R

o0y Y

Y a3 BN \

O oA

) AN

O O N
<L 10 20 30 40 50 60 70 80

ENCRCY (meV)

FIG. 1. Absorption coefficient vs wave number and energy for GaAs [full
line, from Ref. &; the small mismatch between the various parts of the
curve is from the original paper of Ref. 6(c)} and ZnSe {dotted line, from
Ref. 7).
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FIG. 2. Absorption coefficient o, vs wave number W for doped thin films
56, 57, and 58 (see Table I for their characteristics).

of a{ W) over the entire 1 range and the upper 2 range, the
p1 and some approximate p; values are given in Table L
The p, values are close to 2.5 for the lower carrier concen-
trations 9.4% 10" and 9.3 10" cm ", but significantly
higher (around 4}, for the higher carrier concentration
8% 10" ¢m 3. In contrast, p, values decrease monotoni-
cally from 0.36 to 0 as the carrier concentration increases
to 810 ¥ em 3, Thus, in wave number range 1, both the
absorption coefficient and the derivative of the logarithmic
absorption coefficient exhibit very significant variations
with the efeciron concentration. The ¢, magnitude is ap-
proximately guadratic with n, while no obvicus law ap-
pears for py.

The detailed comparison with the previous measure-
ments of Dutts ez /% and with the Ruda model predic-
tions® will be done in a forthcoming paper. However, some
new factors can already be pointed out.

From the wave number and the p, values, the Ruda
model is expected to apply in our higher W range 2. Thus,
the range of applicability of this model can be widened
from 900 cm ~! (11 um) to 156 cm ! (60 gm) as the
free-eiectron concentration decreases from 8% 10" to
$.4% 10" ¢m 3, The iower Limit of 15 pm guoted by Ruda
would approximately correspond to n = 10'° cm ~ . The p,
values for 7 = 9.4x10'® and 9.6 x 10" cm ~? agree with
the value of 2.5 predicted by the Ruds model in this elec-
tron concentration range, which corresponds to a domi-
nance of optical phonon scaitering in the free-electron ab-
sorption. However, when n = 8% 108 om - 1, the model
predicts a dominance of impurity scattering in the free-
carrier absorption {FCA), leading to p, = 1.5, whereas we
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find a slightly higher value of p, = 4. Quite generally, the
Ruda modei predicts an increase of p as the compensation
ratio {z/total concentration of impurities) decreases from
the unity value corresponding to perfect doping efficiency.
This ratio has been shown previously® to decrease below 1
when n > 10" cm 2 for Cl doping by MBE, which might
explain our higher value. More data are required to clarify
this point.

The «, values investigated here are much higher than
those obtained for bulk crystal in the classical FCA range,
sc that no direct comparison can be made with the previ-
ous resuits.* However, in the same carrier concentration
range 16'7-10" cm ™ our p, values agree reasonably with
those guoted (2.7} by Datts ez al*

The absorption in ¥ ranges 1 and 2 have very different
p values, suggesting that they involve different physical
processes. From its wave number range, a, in range 1
might originate from phonon-plasmon coupling.’

En conclusion, we have shown here for the first time,
free-clectron absorption from doped ZnSe thin films. It can
be measured directly for doped epitaxial ZnSe films on
semi-insulating GaAs substrates. The free-carrier absorp-
tion coefficient is more important in the far-infrared range
{(35-150 em - 1) reported here for the first time. oy varies
approximately as W 7. Both ayand p; have large varia-
tions with the electron concentration which suggests they
may be used for contactless measurement of carrier con-
centrations in thin ZnSe flms. In the mid-infrared range,
the classical FCA is found.

The authors wish to thank Dr. Jim DePuydt of the 3M
Company, St Paul, MN, for performing the Hall effect
measurement on our Ci-doped ZnSe samples. This work
was supported by DARPA grant MDA 972 88 5 1006.
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