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Variable-temperature transmission/absorption spectra are measured on As-doped Hgj_,Cd;Te grown by molec-

ular beam epitaxy. The nonlinear temperature-dependent shift of the absorption edge is also observed, which is similar

to our previous report on Vi, (unintentionally)-doped HgCdTe. By referring to the empirical formulas of Eg(z,T),

the z value of the epilayer is calculated and its inconsistency between the extreme temperatures (e.g. 10 and 300 K)

is discussed. The results confirm the assumption of the effect of shallow levels on the shift of the absorption edge, and

suggest that the x value (or Eg) in intrinsic/extrinsic-doped HgCdTe should be determined by referring to as low a

temperature as possible (e.g. 10 K), and not the commonly used temperatures of 77 or 300 K, when the transmission

spectrum should be employed. This can give brief guidelines for fabricating HgCdTe-related devices.
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1. Introduction

Mercury cadmium telluride (HgCdTe) as a
narrow-gap semiconductor has been found to have
wide applications in infrared detection. For fabricat-
ing high-performance HgCdTe-related devices, p-type
doping has been widely investigated by intrinsic cation
vacancy (Vug)-doping during the past few decades.
Nowadays, more attention is being paid to the extrin-
sic doping of arsenic (As) for its vital advantages in
realizing extrinsic p-type conduction."?

To obtain the key parameters of HgCdTe materi-
als and devices, intrinsic absorption spectra, normally
at a temperature of 77 K (liquid nitrogen tempera~
ture) or 300 K (room temperature), have been fre-
quently employed to analyse the bandgap (Eg) or cut-
off wavelength, and accordingly the composition (z

value) can be deduced by referring to empirical for-
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mulas, e.g. CXT by Chu et al.l¥ or HSC by Hansen
et al.,V

E,(CXT) = —0.295 + 1.87z — 0.282”
+ (6 — 14z + 322)(10~1)T + 0.352%, (1)
E,(HSC) = —0.302 + 1.93z + (1 — 22)5.35(10~4)T
— 0.812% + 0.8322°. (2)

From the equations we can see that, for a given sam-
ple, its bandgap (E) should change linearly with tem-
perature. However, the issue of how to determine
the composition (z value) in intrinsic/extrinsic-doped
HgCdTe remains to be addressed when the abnormal
shift of the absorption edge with temperature has been
reported in unintentionally (Vg)-doped HgCdTe, as
in our previous work. %6

In this paper, the z value of As-doped (and
Vig-doped) HgCdTe is discussed by measuring trans-
mission/absorption spectra at different temperatures.
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Instead of studying the reported nonlinearity of
absorption-edge versus temperature, we discuss the
observed difference in determined composition be-
10 and 300 K).
The results suggest that: 1) the shallow acceptors in

tween typical temperatures (e.g.

HgCdTe influence the linear shift of absorption edge
with temperature, and the degree of the nonlinear
shift depends on the density and the ionization en-
ergy of shallow levels; and 2) the transmission spec-
trum should be measured at an extreme low temper-
ature (e.g. 10 K) to accurately determine the E, (or
x value) in doped HgCdTe, since those from the fre-
quently used temperature of 77 or 300 K are dimin-
ished to some extent for the existence of the shallow
levels.

2. Experimental details

The molecular beam epitaxy (MBE) samples were
grown on undoped semi-insulating GaAs (211)B sub-
strates at a normal growth temperature with a CdTe
buffer layer over 3 um, based on which the As doping
was performed. For p-type conduction, the epilayers
were followed by different annealing conditions (e.g.
the two-stage annealing process).["8 As a result, the
p-type epilayers at 77 K were due to the high den-
sity of either Ast. (As occupying Te lattice sites) or

9,101 For compari-

Vg (residual) or their compounds.!
son, the unintentionally (Vug)-doped HgCdTe epilay-
ers grown by MBE and liquid phase epitaxy (LPE, on
the substrate of CdZnTe) were also prepared.!]

The absorption spectra were measured by an
evacuated Fourier transform infrared spectrometer,
which was equipped with a beamsplitter of KBr and a
liquid-nitrogen-cooled HgCdTe detector. The spectral
resolution was set at 2 cm~!. Before the experiment,
the samples were treated with a quick etch to avoid the
influence of surface smear, and then mounted on the
cold finger of an Oxford recycling cryostat, of which
the temperature could be continuously adjusted from
10 to 300 K.

3. Results and discussion

As reported in our previous work,[>® a non-
monotonic shift of the absorption edge with increas-
ing temperature has been observed in unintentionally
(Vg)-doped HgCdTe epilayers grown by LPE and
MBE, where the abnormal (S-shape like) shift was

tentatively ascribed to the existence of the intrinsic
impurity of Vu,, and the ionization energy of it was
then roughly deduced to be ~15 meV by calculating
the energy difference of the abnormal shift of the ab-
sorption edge.

Following the traditional measurement, here we
systematically performed variable-temperature trans-
mission spectra on As-doped HgCdTe epilayers grown
by MBE with p-type by annealing under different acti-
vation conditions. To obtain the evolutive mechanism
of the absorption edge accurately, a temperature step
of 5 K was used from 10 to 100 K during the measure-
ment of the transmission spectra. Figure 1 gives the
transmission spectra of a p-type As-doped HgCdTe at
typical temperatures, where the doped As has been
fully activated as Ast. by a two-stage annealing con-
dition so that almost no other impurity level but Ase.
exists in the epilayer, as described elsewhere.l?) From
Fig. 1 we can see that the absorption edge shows a sim-
ilar S-shape-like shift as temperature increases from
10 to 100 K (marked by the arrow curve). For clar-
ity, we calculate the corresponding absorption coef-
ficient spectra at different temperatures, and the re-
sults are shown in the inset of Fig. 1. It is obvious
that the shift of the absorption edge energy (the so-
called bandgap or E,) is nonlinear with the change of
temperature, in contrast to the well-known empirical
formulas (e.g. CXT in the figure) that should repre-
sent a super-linear relationship of bandgap versus tem-
perature (Eg ~ T'). The abnormal shift energy of the
absorption edge can be deduced to be about 10.2 meV
by extrapolating the fitting line of the higher temper-
ature part over 77 K (dashed) to 0 K, which may be
attributed to the existence of extrinsic impurity lev-
els (e.g. Aste or related) if we take into account the
foregoing assumption of Vy, in unintentionally-doped
epilayers. Correspondingly, the value of ~ 10.2 meV
can be ascribed to the ionization energy of Asr., which
is close to the results from other optical techniques and
electrical measurements. 1214

It should be pointed out that a similar phe-
nomenon of the absorption edge has also been ob-
served in other As-doped epilayers with p-type con-
duction, regardless of As-activation, which means that
the p-type may originate from the activated Ast, or
the residual Vg, or the compound effect of these ac-
ceptors and the donor of Asp, (unactivated As by oc-
cupying Hg lattice sites). Among these samples, the
typical differences are the critical temperature point
(generally from 30 to 100 K, covering the work tem-
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perature of 77 K of HgCdTe) where the S-shape-like
shift occurs, and the degree of the nonlinear shift en-
ergy. In this case, it is evident that the existence of the
extrinsic impurity level of, for example, Ast. has the
same effect on the shift of the absorption edge with in-
creasing temperature as the intrinsic impurity level of
Vg, and the ionization energy of the impurity levels
in extrinsic/intrinsic-doped HgCdTe can be roughly
evaluated from the variable-temperature transmission

spectra.
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Fig. 1. (colour online) The transmission spectra of a p-
type MBE-grown HgCdTe (As-activated) at different tem-
peratures. The inset shows the result of calculated absorp-
tion coefficient spectra at different temperatures. The z
value is evaluated by the transmission spectrum of 10 K,
and its evolutive trend of Eg with temperature has been
shown by CXT.

It is widely received that the x wvalue in
Hg;_,Cd,Te can be accurately calculated from the
absorption edge energy (by calculating the absorption
coefficient spectrum at a certain temperature) by re-
ferring to the Ey ~ z relationships (e.g. CXT or HSC
in Egs. (1) and (2), respectively). However, the lin-
earity of By ~ T represented by the equations is in-
consistent with the nonlinear relationship of absorp-
tion edge energy versus temperature in the foregoing
samples. Therefore, a key issue of how to determine

the = value (or Ej) in doped HgCdTe should be ad-
dressed, that is, which temperature point (e.g. 10,
77, 300 K or any other temperature) should be refer-
enced to when the transmission spectrum is used to
determine the actual Fg, and to further evaluate the
x value in doped-HgCdTe.

According to the absorption edge energy of the
absorption coefficient spectrum (e.g. as shown in the
inset in Fig. 1), we calculated the x values of all the
samples at the two extreme temperatures of 10 and
300 K, separately, and the results are listed in Table
1, together with the values of their difference (Ax).
For comparison, the calculated results of unintention-
ally (Vig)-doped LPE samples are also shown in this
table. Note that the sample MBE4 in Table 1 is As-
unactivated, meaning that the doped As mostly acts
as the donor of Asp,. Thus, the p-type at 77 K in
MBE4 suggests that acceptors like Vg (residual) and
Aste (potential) prevail over the donors of Aspg or
related.['=17] From Table 1 we can see that the cal-
culated = value of every sample at the lowest tem-
perature of 10 K is not in accordance with that at
the highest temperature of 300 K. In fact, the for-
mer is evidently smaller than the latter with a non-
neglectable separation of about 0.009-0.021. However,
a prepared sample should have a fixed composition,
even if the post-growth annealing process has been
imposed. Therefore, we should predict which z value
in the table is the actual one for the corresponding
sample.

By combining the interpretation of the abnormal
shift of the absorption edge in Vy,-doped HgCdTel?!
and the results of As-doped epilayers in this work,
we can schematically depict the transition process of
carriers related to impurity levels in the measurement
of transmission spectra. Figure 2 shows the tempera-
ture dependence of the transition of carriers in p-type
HgCdTe with three typical temperature ranges based

Table 1. Sample parameters including the major impurity, the carrier density (N¢) and its mobility (M) at 77 K,
the calculated x values at 10 and 300 K, and their difference values (Ax).

Major impurity N:/10'% cm—3 Mc/cm? . V~1.s71 T10K T300K Ax
MBE1 AsTe (As-activated) 36.0 290 0.316 0.306 0.010
MBE2 Asre (As-activated) 32.7 295 0.300 0.284 0.016
MBE3 Vg (undoped) 10.1 261 0.293 0.304 0.011
MBE4 As-unactivated® 12.3 259 0.298 0.285 0.013
LPE1 Vg (undoped) 5.78 455 0.315 0.306 0.009
LPE2 Vg (undoped) 5.89 525 0.346 0.331 0.015
LPE3 Vg (undoped) 5.48 667 0.250 0.229 0.021

a) Including the predominant Asyg, the potential Ast, and the residual Vig.
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on the nonlinear shift. As shown in the figure, the car-
riers located in E, (e.g. Aste or Vpg) are inactivated
(A°, known as the frozen-out effect of carriers) at the
extreme low temperature down to 0 K (see Fig. 2(a))
and can be slowly activated (A ™) to join the transition
of carriers as the temperature increases (see Fig. 2(b)),
which leads to the occurrence of the S-shape-like shift
of the absorption edge.l) That is to say, the contri-
bution of the absorption edge is almost due to the
valence band (VB)-conduction band (CB) transition
of carriers at an extreme low temperature (10 K), but
at an extreme high temperature (300 K) the transition
of the absorption edge is then absolutely determined
by both the VB-CB and A™—CB transitions. At this
moment, the transmission spectra cannot distinguish
the two transitions, so that the absorption edge energy
determined at high temperature (e.g. 300 K) does not
indicate the actual F, transition of the sample, while
that at the lowest temperature (10 K) can. As a result,
the x value at the highest temperature (300 K) has
been diminished (or “red-shifted”) for the existence
of the shallow acceptors in p-type HgCdTe (e.g. by
Ase or Vg or the compound effect), but that at the
lowest temperature (e.g. 10 K) approaches the actual
composition. It is not difficult to understand that the
abnormal shift of the absorption edge will disappear
and the data of the absorption (coefficient) spectra
can track the CXT results (see the inset in Fig. 1),
providing that the shallow acceptor does not exist or
does exist but without enough density. Theoretically,
an effective way to judge the transition possibility of
carriers in impurity levels (or the S-shape-like shift)
is to calculate the Fermi levels in doped HgCdTe at
different temperatures.

CB
Eq

A0 P AY/AT AZ E,

VB

(a) (b) (c)

Fig. 2. (colour online) The absorption transitions of car-
riers in p-type HgCdTe at different temperatures. The E,
is only shown as a representative of the acceptors (e.g.
Vg, Aste or related). The thickness of the arrow line re-
lated to E, simply denotes the possibility of the transition
of carriers. (a) T < 30 K, (b) 30 K < T < 100 K and (c)
T > 100 K.

It should be mentioned that the energy of the
absorption edge over 77 K up to 300 K varies lin-
early with the increase in temperature, and can al-
most match up with the CXT results of 300 K, as

shown in the inset in Fig. 1, which hints that the cal-
culated x value from the absorption coefficient spec-
trum at 77 K is close to that of 300 K. Thus, Table 1
only gives the z value of 300 K, but without showing
that of 77 K. Here, we can see that the x value deter-
mined by the temperature of 77 or 300 K, which was
frequently used to accurately determine the composi-
tion by measuring the transmission spectrum, cannot
represent the actual x value and should be less than
that of 10 K (or a lower temperature) if there exists a
shallow acceptor like AsTe or Vy, or their compounds
in a high enough density. Of course the determined
x values will be close to each other between the low-
est and highest temperatures if the ionization energy
of the shallow levels is not as big as the abnormal
shift of the absorption edge appears. This is also the
reason why we cannot observe the obvious S-shape-
like shift of the absorption edge in intrinsic n-type
HgCdTe, where the ionization energy of the intrinsic
donor has been reported to be very small (~ 3 meV,

also see the schematic position of Fq4 in Fig. 2).[18’19]

4. Conclusion

We investigated the determination of the x value
(equivalently, E,) in p-type HgCdTe (As/Vyg-doped)
by transmission spectra. The results further con-
firm the effect of shallow acceptors on the abnormal
temperature-dependent shift of the absorption edge
in doped-HgCdTe, and as a result a preliminary con-
clusion is drawn that the x value (or Eg) in doped-
HgCdTe should be determined by transmission spec-
tra at the lowest temperature (e.g. 10 K), since the
frequently used temperatures of 77 or 300 K can make
the determined x value decrease a little with the exis-
tence of shallow levels. The discussion also implies
that a variable-temperature transmission spectrum
can be used as a potential choice to roughly evaluate
the ionization energy of the shallow level in narrow-
gap HgCdTe semiconductors, as is done in other opti-

cal/electrical measurements.
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