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ABSORPTION OF SUB-MILLIMETER RADIATION IN HEAVILY
DOPED n-TYPE GERMANIUM

KAZUO YOSHIHIRO, MADOKA TOKUMOTO and CHIKAKO YAMANOUCHI

Electrotechnical Laboratory
Mukodai-machi, Tanashl, Tokyo 188, Japan

The absorption of monochromatic radiations of 337
and 311 um in wavelength has been investigated

in - Sb-doped Ge single crystals at temperatures
below 4.2 K. The concentration ranges from
1.2x10'% to 3.6 x10'7 Sb atoms/cm?®. The absorp-
tion coefficient measured is substantially inde-
pendent of temperature and rapidly decreases

from 2 x10% to 1 /cm as the concentration is
lowered, showing a hump around n=3x10'%/cm?.
The observed hump suggests that the absorption

is caused by a transition from the donor ground
state to a delocalized conducting state which is
supposed to lie between the ground state and the
conduction band in the intermediate concentration
region, and that the Coulomb interaction between
an empty donor and a charge carrier in the de-
localized state is appreciable.

1. INTRODUCTION

The purpose of the present investigation is to study the
far-infrared properties of heavily doped semiconductors. In
germanium samples with antimony concentrations between 1 XI016
and 1 xlO17 /cm3, at low temperatures, there 1s a temperature
region where the resistivity is characterized by an activation
energy ¢, [1]. The activation energy €5 depends strongly on
the impurity concentration [1], magnetic field [2]-[4], defor-
mation [5],[6] and compensation [7] in contrast to the donor

ionization energy €., and the activation energy €3 [1] for hop-

ping type conductioi. These behaviours of €5 have been under-
stood in terms of the change in overlapping of donor wave func-
tions, and €5 has been supposed to be an energy needed to
excite electrons from the donor ground state into an unbound
state in which an electric current flows [1],[5]. The present
study aims at observing the optical transitions which would

occur 1f this picture is real.
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Most of previous works on the far-infrared properties at
l1iquid helium temperatures have been made in the range of photon
energies larger than 6 meV. The value of €5 is known to change
from 5 meV to zero with increasing concentration [1]. For Sb-
doped Ge, the first exclted state of an isolated Sb donor lies
5 meV, about a half of €5 above the donor ground state. The
use of a radiation whose photon energy is not enough to cause
the transition between the ground and the first excited states
is essential for the present study.

The absorption and reflectivity of monochromatic 337 and
311 pum radiations produced by a CW HCN laser [8] have been
investigated in Sb-doped n-Ge single crystals. The excess donor
concentration ranges from 1.2 ><lO16 to 3.6 XI017 Sb atoms/cm3.
No compensating impurity was intentionally doped and the compen-
sation ratio was estimated at less than 5 %. The activation
energy €, was obtained from the temperature dependence of resis-
tivity at temperatures below 20 K; €y decreases from 5.8 to
0.1 meV as the concentration changes from 1.2 ><1016 to
1.1 ><1O17 Sb atoms/cm3. The metallic type impurity conduction
1s observed at higher concentrations.

2. EXPERIMENTAL

The samples were bridge or brick shaped and about 10 x1 x
(0.05-1.0) mm3 in size for the measurements of absorption, and
6 x2x1 mm3 for the measurements of reflectivity. Both dc and
optical measurements were made for each sample. The samples
were immersed in liquid helium to avoid the possible tempera-
ture rise on illumination. The radiations of 337 or 311 um
from the HCN laser were chopped at 20 Hz. The transmitted or
reflected radiations were detected by an n-InSb single crystal.
The signal voltage of 20 Hz generated across the detector was
fed into a lock-in amplifier. The incident power of radilation
was monitored by a Golay cell with a silicon window continuously
during the measurements. The photoresponses of the InSb detec-
tor were proportional to the power of incident radiation which
was below mW level.
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figure 1 shows the absorp- T T T T T 1&
tion coefficient «(337um) and i T
the resistivity p for various {-;1035- _:.5.10‘
samples plotted against the L ¢t T
excess donor concentration 8 [ Tio*~
ND-NA, temperature being the = I $
parameter. The absorption co- 31027 _:10295
efficient rapidly increases I I a
with ND--NA and substantially % [ N
independent of temperature. : [ j?o g

Fo§7the3samples with ND- NA g L ;
>1x10"'/cm®, the resistivity g'WF §?1 @
is independent of temperature; 2 i 4
the conduction 1s known to be < (337um) Ly
of the metallic type. The ab-~ [ f \‘x t
sorption is roughly interpreted 1 “;&s - -n-?&7 el g?

as due to free carriers in the Np—Nu (ecm™3)
conduction band.
For the samples with ND- N Fig. 1: Absorption coefficlent

A at 337 um and resistivity as

<1x10t7/cm3, the absorption functions of Nj-N,.
coefficlent rapidly decreases
from 1 ><l03 to 1 cm_1 as the concentration 1s lowered, showing

16, 3

/cm”. The resistivity
exibits strong temperature and concentration dependences; the
conduction is known to be of the nonmetallic type. These facts

a pronounced hump around ND —NA =3 x10

suggests that the rapid decrease in o seen in the range of

7 ><1016 <NDv—NA-<l x1017/cm3 is not associated with the free
carrier absorption but 1s understood in terms of the transitions
from the donor ground state into the conduction band whose
bottom is lowered [9] due to the 1nteraction between donors.

The hump corresponds to the absorption assoclated with the
activation energy e2 as will be discussed below.

The absorption of 311 um radiation shows almost the same
dependence on the concentration as that seen in Fig. 1, but the
hump shifts to the lower concentration side..

In Filg. 2 1s shown the reflectivity of 337 um radiation
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for various samples as a function 10 e r—TTTTTTT
of N, -N,. The reflectivi = | :
D A e reflectivity :& i 337um ¥ L1

depends little on temperature. <33 - I$ 1
- D - -1

For t111$ sar:r;ples with ND -NA < 5w os . TK) -

1 x10%7/em3, the reflectivity 52 L — « 421
w | + 1

is constant; the value is Eé i \rg:gs j

approximated to that of pure x | A1.57 ]

crystalline germanium. For the 0101/, - ““;017 S 108

samples with Ny- N, > 1x 10%7/cn’, Np- N, (cm™)

the reflectivity increases up Fig. 2: Reflectivity at 337 um

of varlous samples expressed in
to about 0.75 with Increasing terms of that gf‘ an Ag mirror.
ND-NA. The observed concentra-

tion dependence of reflectivity

16 . -
indicates that the absorption Np=N, (10 cm™)
87 6 5 4 325 2 15 1
by free carriers is negligible 30 1 T T 1 1 7 T
t
for the samples with Np-N, < L e Alum)
17 3 11 T(K) 337,31
1x107"/em”. z .25k i 1
on 1 421 - o
Figure 3 shows the absorp- E £ \ : 336 X o
tion cross-section of 337 and L(g"ozo-—\ :: 2.81 + O
311 um radiations plotted vs the 4 T o \I 236 YV
V. I v X 157 A A
activation energy €5 for respec- g =z sl g - .
tive samples. The absorption o b 'y A
2 Z * %!
cross-section o is obtained from ,,8_2 10k T“l 9 .
the relation o =cx/ND, where the &y :\
donor concentration N, is re- S 1 %
D o S : ! * )
placed by N, ~-N, in the present < IO
D A a f,, X\%
case because NA<< ND. The ver- 0 . , L TR R
tical dashed lines indicate the o 1t 2 3 4 5 6 7
photon energies of 337 and 311 €,2pc (meV)
um radiations, fiw =3.7 and 4.0 Fig. 3: Absorption cross-
meV respectively. section vs €5 for various
samples.

For the samples with €5
larger than hw, ¢ falles rapidly with increasing €5e This fact
suggests that the absorption is associated with the optical
transition from the donor ground state to a delocalized state
which lies between the ground state and the conduction band,
and that €y is the energy needed to cause the transition.

For €5 smaller than fiw, o passes through a maximum, which
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corresponds to the hump in Fig. 1, and then decreases to about
60 % of maximum value showing a minimum as €5 is reduced, fol-
lowed by a rapid increase. The fact that o 1s not a monotonic
increasing function of ND--NA is difficult to be explained in
terms of the transitions associated with taill states extended
below the conduction band, since the absorption caused by the
talil states shows an exponential dependence on the photon
energy [10].

The width of the peak of o vs €, curves is about 1 meV.
If for the delocalized state a rigid band model is valid in the
narrow concentration range around the peak, and the Coulomb
interaction between an empty donor and a charge carrier in the
state is negligible, o should reflect the density of states; the
width should correspond to the band width. But the observed
width appears too small to assure the one-electron interpreta-
tion. The narrow width indicates an appreciable effect of
Coulomb interaction in the delocalized conducting state [11].
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