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The absorption spectrum and the spectrum of electroabsorption of vapor-grown trigonal
Se platelets have | been measured at various temperatures down to 2°K, The absorption
curves for both Ellc and EL¢ show several steps at the onset of the absorption edge. No
Urbach tail has been found. The steps are interpreted as arising from the indirect excita-

tion of an exciton at 1. 853 eV (low-temperature value) with several phonons.
absorption spectra confirm the step structure within the absorption edge.

The electro-
Finally, it is

shown that the luminescence of Se can also be explained with the same model.

I. INTRODUCTION

The band gap of trigonal selenium lies in the red
part of the visible spectrum, at about 2 eV. This
follows from optical properties of selenium single
crystals. 2 In spite of this advantage of an easy
spectroscopy, great difficulties existed in mea-
suring directly, i.e., by absorption measurements,
whether the optical gap is direct or indirect. These
difficulties arose mainly from the preparation of
suitable single crystals: During these investigations
both the absorption coefficient and the luminescence
were found to be highly sensitive to pressure and
deformation. Therefore no polishing may be ap-
plied to cleaved melt-grown crystals. On the
other hand, vapor-grown crystals, which can be
taken as-grown, were too thin to show fine structure

in the absorption edge at low absorption coefficients. ®

Former band-structure calculations* show the
minimum band gap of selenium to be direct, but
they do not exclude the alternative possibility,
since the calculated bands are very flat in k space.
Thus, small corrections would yield just the op-
posite result.

The most recent calculations® give an indirect
minimum band gap, though, of course, because of
the flat bands, with the same restrictions.

Many spectroscopic methods have been applied
to selenium in order to answer the question about
the nature of the optical band gap. Absorption®®
and reflection”!° spectra and electroabsorption!!
and electroreflection!? spectra have been experi-
mentally studied. The absorption spectrum at
He temperatures®has been taken only from melt-grown
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crystals. The spectrum with the E vector of the
incident light perpendicular to the crystal ¢ axis
has been interpreted as an Urbach tail'® of an ex-
citonic absorption. For Ellc the spectrum is at-
tributed to indirect transitions. Either edge is
found to be shifted to lower energy with higher
temperature.

Here the absorption spectra of relatively thick
single-crystalline selenium platelets are reported.
The measurements have been performed at and
above He temperature. Both great thickness (ap-
proximately 300 p) and low temperature allowed
us to find a steplike structure which can easily be
explained by indirect excitation of an exciton with
the assistance of several phonons, and also by
impurity-induced transitions. For a unique de-
cision between these two interpretations, the tem-
perature dependence of the absorption edge has
been investigated. The results favor the model
of the indirect excitonic transitions.

Additionally, electroabsorption data which con-
firm the distinct step structure found in the ab-
sorption edge are reported. It is shown, finally,
that the “indirect” model also explains the well-
known luminescence spectrum®*'® of trigonal
selenium.

1II. EXPERIMENTAL

A. Crystals

The trigonal crystals were grown from the
vapor phase in the usual manner.!® Most of the
crystals were in the shape of hexagonal hollow
needles and, therefore, could not be taken for ab-
sorption measurements. The selenium melt, thus,
was doped with TICl to favor the growth of usable
platelets.!” Se platelets of different origin'® also
were investigated; they had been grown without
doping the Se melt with TICl, but yielded the same
absorption spectra and the same luminescence.
One can, therefore, conclude that doping of the
melt does not influence the doping of the crystals.

Platelets which have been grown in this way are
10-500 u thick. They possess two parallel sur-
faces or are slightly wedge shaped. The crystal-
lographic ¢ axis always lies in a surface plane
and, in the case of wedge-shaped crystals, is per-
pendicular to the gradient of crystal thickness.

The surfaces look plane and smooth, even under
the microscope, and additional preparation would
only have damaged the crystals. The thickness
variation of wedge-shaped crystals is always
negligible since the monochromator slit is adjusted,
in width and location, to an area where the thick-
ness is essentially constant.

Before the measurement, the samples are cau-
tiously clamped to the sample holder at one end
to produce no strain. A reliable, though only
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qualitative, indication for the presence of strain

is the luminescence of the crystals. Luminescence
is quenched close to the spot where the sample is
clamped, * and no luminescence is found from
polished crystals. 1°

B. Absorption Spectra, Measurement, and Evaluation

The samples were illuminated with the full spec-
trum of an iodine tungsten lamp. The incident
light was polarized and chopped in front of the
cryostat, the chopping frequency being approxi-
mately 1 kHz. The transmitted light was analyzed
by a double-grating monochromator and was de-
tected by a photomultiplier and subsequent lock-in
amplifier. The resolution of the monochromator
was, with open slits, 8 A corresponding to 2. 3meV
in the region of interest. The selenium crystals
were attached to a copper block and directly im-
mersed into liquid He, H,, or N,. Intermediate
temperatures could be attained by slowly warming
up the copper block after the cooling liquid had
been completely evaporated. The speed of warming
up was small but finite. Therefore all these tem-
peratures are affected by an error of about + 2 °K.
The temperature was measured using a calibrated
carbon resistor on the copper block.

Some of the spectra were taken with monochro-
mator and cryostat interchanged; the samples
were thus illuminated with monochromatic light.
The spectra did not change and therefore the more
convenient setup as described above could be re-
tained for all further measurements.

The formula

1/Iy=(1-R)?¢"*!/(1 - R%e"®) (Y]

was applied for evaluation of the transmission
spectra. I;and I are the intensity of incident and
transmitted light, respectively, R is the reflection
coefficient, o is the absorption coefficient, and

d is the crystal thickness. The evaluation was
simplified by the following assumptions:

(i) The denominator in Eq. (1) was set equal
to unity. This is permissible for large ad. The
relative deviation from the accurate value of «a is
in this case (R =0. 25 to 0.40) less than 1% if ad
is larger than 1.4. The structure in the absorp-
tion spectra of all used crystals lies beyond this
limit.

(ii) The reflection coefficient as a function of
wavelength was taken from the literature.® The
factor (1 - R)? does not, however, affect the struc-
ture of the absorption edge.

(iii) For all crystals there was an extinction
background due to scattering which varied from
sample to sample but was constant over wave-
length. This background was subtracted before
evaluation.
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FIG., 1. Absorption spectra of a 220-u~thick Se crys-
tal at five different temperatures. The given energy
scale is valid only for curve 1, 4.2°K, the other curves
being shifted to lower energy. The arrows indicate 1. 84
eV for the respective curves. (a) El ¢, curve 1: 4,2°K,
no shift; 2: 25,5°K, shifted by 0.6 meV; 3: 57.5°K,
shifted by 7.2 meV; 4: 90.0°K, shlfted by 9.5 meV; 5:
122.0°K, shifted by 12.3 meV. (b) Elc, curve 1: 4.2 °K,
no shift; 2: 30, 0°K, shifted by 1.4 meV; 3: 65.0°K,
shifted by 4.8 meV; 4: 93.0°K, shifted by 15.7 meV;

5: 121, 0°K, shifted by 15.7 meV.,

C. Electroabsorption

For the measurement of the electroabsorption
a coplanar structure was used: The platelet-
shaped crystals received gold contacts on one side,
the spacing between the electrodes being 1 mm.
The contacts were evaporated in vacuum better
than 10" Torr. Only the region halfway between
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the contacts was focused on the monochromator
slit, since only there was the electric field very
homogeneous Electric field F propagation vec-
tor k of the incident light, and crystal ¢ axis were
perpendicular to each other.

The absorption setup could be kept as descr1bed
above with some variations. These variations
were suggested by the difficulty of transferring
heat away from the sample, since in the used
structure the applied electric field always pro-
duces a current. (1) The coolant was liquid He
below the X point, since superfluid He is an ex-
tremely good heat conductor. (2) The samples
were illuminated only through the monochromator
and not with the full lamp spectrum in order to
minimize photoconductivity and joule heat pro-
duction. Applying these precautions, a maximum
field of 10* V/cm could be attained.

In the case of electroabsorption the reference
signal was generated by the lock-in amplifier. An
ac voltage (at the reference frequency) was used
to trigger an electronic switch on the dc high-
voltage supply. The voltage pulses had a repeti-
tion frequency of 20-200 Hz. In this range the
signal did not depend on frequency. The signal was
always in phase with the applied voltage.

III. RESULTS

A. Absorption

Figures 1(a) and 1(b) show the absorption curves
of trigonal Se for Ellc and E Lc at various temper-
atures. The spectra of both figures have been
taken from the same 220- u-thick crystal.

Ellc, Fig. 1@): Four steps can distinctly be
seen in curve 1: Two of about equal size at 1.859
and 1. 872 eV, a very steep one at 1.883 eV, and
the fourth at 1. 890 eV. We tried to find these
steps, at least the three first ones, in the ab-
sorption spectra at higher temperatures, without
regard to their heights and their absolute position
on the energy axis. Curves 2 and 3 still show the
two first steps clearly; in spectra 4 and 5, however,
this structure can only be determined approxi-
mately. In Fig. 1(a) the spectra at different tem-
peratures are plotted to show the closely related
structures rather than the absolute energy value.
The arrows labeled with the respective curve num-
bers indicate the shift of the energy scale.

Elc, Fig. 1(b): These spectra are very similar
to those with E I c, except that the height of the
first step at 1. 859 eV is distinctly larger. The
curves at different temperatures also were plotted
with different energy scales to show their relation-
ship in structure. Note that both temperatures
and shifts are different from the spectra of Fig.
1(a). The shift of the absorption edge of trigonal
selenium can be obtained from the shift of the en-
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ergy scales in Figs. 1(a) and 1(b) and is plotted

in Fig. 2. This diagram also contains the energy
shift of the luminescence lines of selenium. The
slope of this curve, i.e., the differential absorp-
tion-edge shift, is zero at 0°K and yields + (1.6
+0.5)x10™* eV/deg near 100 °K. This value is dif-
ferent from the result obtained from isoabsorption
curves, which yield a negative temperature coef-
ficient. ®

B. Electroabsorption

Figures 3(a) and 3(b) contain the electroabsorp-
tion spectra of selenium for Elic and E L¢ at about
1.8 °K. The spectra were taken from a 293- u-
thick platelet. Both figures also show the ab-
sorption curves at 4. 2 °K in order to demonstrate
the close relationship between absorption and elec-
troabsorption. The difference in temperature
(1.8vs 4.2 °K) is not important since the absorp-
tion edge does not shift (Fig. 2) and since there
is practically no change in the phonon Bose factor.
The curves were measured with 20-Hz repetition
frequency of the voltage pulses with an electric
field of 5x10® V/cm in the sample. Additional
structure did not show up at lower fields.

For E Il ¢ [Fig. 3(a)] one can see mainly three
lines at the energies 1.858, 1.872, and 1.883 eV.
The third line reaches about ten times the height
of the two first lines. The comparison with the
absorption spectrum shows that the main maxima
of the electric effect are always located at the
beginning of a step in the absorption curve. The
heights of the maxima reflect well the steepness
of the respective steps in absorption. Therefore
a further maximum at 1. 89 eV is postulated, though
not found because of the low transmission at this
energy.

The Elc spectrum looks very much like the
Eic spectrum except for the higher first maximum,
in accurate correspondence to the steeper first
step in the absorption spectrum for Ele. The
field dependence has been measured for the three

120 °K

main lines with E il ¢ and for the line at 1. 858 eV
with E Le. In all cases the electroabsorption goes
as the square of the electric field and the plots

are very similar. Consequently, only one example
is given in Fig. 4 (Eli¢c, 1.858 eV). The saturation
at high fields is most probably due to heating of the
crystal.

IV. DISCUSSION
A. Absorption

The steps or edges in the absorption spectra can
be interpreted by the indirect excitation of an ex-
citon®# or by band-to-band transitions with ioniza-
tion of impurities.® One means of distinguishing
between these two explanations is the temperature
dependence of the absorption coefficient.

(i) Impurity-to-band transitions should not depend
on temperature in a rough approximation. This
can be seen by considering transitions, e.g., from
a filled valence band to empty donor states. If
the donor states are sufficiently localized, they
have a large extension in Kk space. Therefore
vertical transitions from the val_gnce band to the
Qonors are allowed not only for k=0 but also for
k+#0. This yields an absorption edge «(E) which
is proportional to (E - E))'2 E, being the distance
from the maximum of the valence band to the donor
level. The square-root dependence of o on energy
produces a step in the absorption spectrum, but
in this approximation no temperature dependence
of the absorption coefficient is induced.

(ii) Phonon-assisted transitions to indirect ex-
citon levels also yield steps in the absorption
edge.?® They are, however, very temperature
sensitive through the Bose factors B(iw, T)=1/
(e"/*T ~ 1), hw being the energy of the phonon.

Since the measured spectrum—at least for Elle—
depends strongly on temperature, and since ex-
citons are found to be of great influence® in Se,
we attempt now to fit to the results the theoretical
expressions for phonon-assisted transitions to
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indirect excitons. For several phonon branches
(number n) the following expression is given by
theory®:

alh, T)= 20 A {(hv - Eg—Tiw )V 2[1 + Bliw,, T)]
i=1

+ (v = Eg+hw ) 2B(hw,, T)} . (2)

This formula accounts for emission and absorption
of phonons. The constants A; include the phonon
matrix elements, the mass of the exciton with re-
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spect to translation (m%+m¥), and the derivative

of the hydrogen envelope function of the exciton.

E, is the (thermal) excitation energy of the indirect
exciton.

The A; contain more detailed information about
the exciton than is within the scope of these in-
vestigations. They are therefore treated as fitting
parameters. The w; can be taken from ir absorp-
tion, Raman effect, and neutron scattering. One
has to remember, however, that ir absorption,
Raman effect, neutron scattering, and indirect ab-
sorption yield the phonon energies at different
wave vectors. Therefore minor corrections in
the w; are permitted in order to obtain a uniquely
defined E,.

The first three steps in Fig. 1 can be ascribed
to the three phonon branches? of selenium. Table
I contains the data for the best fit of Eq. (2), »
=3, to the spectrum of E Il ¢ at 4.2 °K (treated as
0°K). The corresponding theoretical and experi-
mental curves are shown in Fig. 5(a). The char-
acteristic energies for the absorption steps and
the A; were determined by plotting a(E) as a?vs
E, obtaining a straight line for the first edge. A,
and 7w, were taken, respectively, from the slope
of that straight line and its intersection with the

1000
A
-y
A A
/
A
2 e
S A/
> /
Iy I
< 100
4]
s Ellc
<
[
S
2
b /s
Q
1]
2
& 10f
W
A
1 1 " 1 : 1l 1
0.5 1.0 20 40 10°Viem

electric field

FIG. 4. Field dependence of the electroabsorption for
Ellc, at the energy of 1,883 eV (low-energy maximum).
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TABLE 1. Data for the best fit of Eq. (2) to the absorption curve for Elle, 4.2°K,
Phonon branch and
Characteristic Absorption method for deter~ Parameters A;
energy (eV) process mining its energy (cm™! ev-1/2)

1.853 E,=indirect
exciton
level

1.859 hv=E)+hw

Fwy;=5,1 meV

1,872 Ry =Eg+hiw,

7wy =18,1 meV

1.883 hv=Ej+hwsg

7w3=29,3 meV

acoustic branch, 275.1

neutron diffraction®

first optical branch, 468.0
ir absorption,

Raman scattering, ©

neutron diffraction®

second optical 3040.0
branch, ir absorption,
Raman scattering, ® neu-

tron diffraction®

b

2Reference 28.
bReference 24.

energy axis. With these values for A, and 7w, the
first edge was subtracted from the whole absorp-
tion edge. A,, 7w, and A, 7wy could be obtained
by repeating this procedure. The fourth step at
1. 890 eV cannot be included since selenium pos-
sesses only three phonon branches.

After this fit the spectra for E Il ¢ at higher tem-
peratures were calculated. As an example, the
calculated and measured spectra at 90.0 °K are
shown in Fig. 5(b). The coincidence in details is
not very good, but the over-all shape is satisfac-
torily reproduced. This discrepancy in details is
explained as follows: (1) Phonon branches, in
general, are not horizontal, but the theoretical ex-
pression [Eq. (2)] assumes that they are. (2) At
high temperatures, exciton levels tend to be ther-
mally broadened, #'% put the theory only deals
with sharp levels.

Such a good over-all fit could only be obtained
for Ellc. It can be seen from Fig. 1(b) that the
first step with E Lc¢ exhibits a much weaker tem-
perature dependence than the other edges and the
edges for Ellc do. This by itself leads to the fol-
lowing explanation: The absorption spectrum for
Elc is the superposition of a spectrum like Eie
and a spectrum which is almost temperature inde-
pendent and, therefore, cannot be interpreted in
the same way as the spectrum for Eiec.

It is tempting to consider the results of this dis-
cussion in the framework of band-structure calcu-
lations. No selection rules for indirect transitions
are available until now and that is why Table I
deals only with energy separations between valence-
band maxima and conduction-band minima. The
energy values are taken from pseudopotential cal-
culations.® Their results suggest a minimum in-

°G. Lucovsky, R. C. Keezer, and E. Burstein, Solid
State Commun. 5, 439 (1967),

direct band gap from M to A, thus predicting the
experimental value to within + 50% (the experimental
value for Ej has still to be enlarged by the exciton
binding energy).

B. Electroabsorption

The results of the electroabsorption measure-
ments are given in this context to confirm the struc-
ture in the absorption edge. The electroabsorption
spectra clearly arise from transitions to an indirect
exciton involving the emission of phonons. Spectra
corresponding to phonon absorption could not be
detected at higher temperatures. This is due to
the fact that the absorption edge loses much of its
structure at temperatures higher than about 30 °K,
where phonon absorption is still weak.

C. Absorption and Luminescence

In this section it will be shown that the lumines-
cence of trigonal selenium**!® fits well into the
model which has been developed for the interpre-
tation of the absorption results. Furthermore, the

TABLE II. Energy separations.

Location of band
extrema in

Brillouin zone?

Location of re- Calculated en-

Valence Conduction quired phonon in  ergy distance?®
band band Brillouin zone (eV)
M ~ A L 1.3
M - H axis I'-K'’ 1.6
H - A K 1.8
r - H A 1.8
M - M (direct transition) 1.9

2Reference 5.
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model gives also a satisfactory explanation for the
temperature dependence!* of the luminescence and
for the behavior of the luminescence lines in an
electric field.

The luminescence spectrum of selenium, at
4.2 °K, consists of a series of seven lines in the
energy range 1.81-1.85 eV (Fig. 6, left-hand
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side) and phonon replicas of these lines at an en-
ergy lower by 29 meV.?'®

Each of these lines reacts differently on varia-
tion of temperature and on an electric field: Lines
2, 4, and 6 disappear both at temperatures above
4.2 °K and in an electric field of sufficient strength.
In both cases lines 0, 3, and 5 and, maybe, line 1
remain constant. How line 1 behaves could not be
determined with certainty. 1

In Fig. 6 the luminescence spectrum looks like
the mirror image of the absorption edge, if one
assumes that a steep absorption step corresponds
to a strong luminescence line, a low step to a
weak line, and so on. The mirror plane then lies
at about 1. 855 eV. This phenomenon is even more
pronounced if one compares the spectra of elec-
troabsorption—instead of the absorption edge—with
the luminescence spectrum.

The luminescence can now be explained in the
following manner: At low temperatures absorption
of phonons is not possible; therefore both optical
absorption and luminescence can only take place
with emission of phonons. Thus the indirect ex-
citation of a level at the energy E, requires an
energy of Ey+%w of the absorbed photon, 7w being
a phonon energy, whereas the decay of that excited
state gives a photon energy of only Ey - 7w.

This simple model explains lines 0, 3, and 5 of
the luminescence, each of them corresponding to
the decay of the indirect exciton at 1.853 eV with
emission of phonons from the three phonon branches
of Se.

One can explain lines 2,4, and 6 if one assumes
a shallow acceptor located 4.8 meV above the
valence-band edge. This simply seems to be an
ad hoc assumption, but there is nevertheless much
evidence for shallow acceptors in selenium—first
of all, the fact that Se is only found to be p type
at low temperature. ?® These acceptors are neu-
tral at 4. 2 °K and therefore cannot be detected in
absorption. The temperature and electric field
dependence of the luminescence lines 2, 4, and 6
are also explained by these low-binding-energy
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FIG. 6, Luminescence (Refs. 14 and 19) and absorp-

tion of trigonal Se, both at 4.2 °K.
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acceptors. That is, (i) at temperatures higher
than4. 2 °K the acceptors become negative, and the
corresponding lines disappear, and (ii) electric
fields of about 10* V/cm are able to ionize these
shallow impurities and thus can quench lines 2,
4, and 6—in complete agreement with experimen
Line 1 is most likely to come from the decay of
the indirect exciton with a phonon at 7. 8 meV.
This phonon energy clearly belongs to the acoustic
branch and is also associated with a maximum of
phonon density of states, as follows from neutron
diffraction.?” The contribution of this phonon is
not resolved in absorption but is distinctly re-
solved in electroabsorption [Figs. 3(a) and 3(b)]:
The peak at 1. 858 eV can be resolved into two
lines, one at 1.858 and the other at 1.862 eV.

t.19

V. SUMMARY AND CONCLUSIONS

According to these results and their interpre-
tation the absorption edge of trigonal selenium in
the visible region is characterized as follows:

The lowest electronic energy level of selenium
is an exciton level at 1. 853 eV which can only be
reached indirectly, with assistance of phonons.
Thus the absorption edge looks very much like
those in germanium, 2 silicon, #® GaP, * and Hgs. %
The indirect nature of the edge has been established
by its temperature dependence for Eie and, with
restrictions, for E Lec.

R. FISCHER
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Thus Se is an indirect semiconductor, its
smallest gap being 1. 853 eV plus the binding en-
ergy of that exciton. The binding energy has not
yet been determined.

It is emphasized that no Urbach tail could be
detected. The Urbach tail found previously is
resolved into phonon steps in the absorption edge.

This model is successful, too, in explaining
the luminescence of Se. With the assumption of
an acceptor with a binding energy of 4. 8 meV every
line in the luminescence spectrum could be as-
signed to an indirect transition from the same ex-
citon state.

The fourth step in the absorption edge at 1. 890
eV, however, still lacks interpretation. It may
be due to the onset of transitions to another in-
direct exciton. The different indirect gaps may
be very close together in energy, since the energy
bands of Se are very flat.®
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