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A new, simple and highly sensitive spectro-
scopic method (CAS) for direct detection of
phonons emitted via nonradiative recombination
processes of charge carriers bound to defects
or impurities in solids is demonstrated. Elec
tronic levels of these centers are populated
by resonant excitation with monochromatic
light. The phonons emitted during recombinat
ion are detected with a low temperature calo
rimeter. CAS spectra of N and S doped GaP
are compared with standard absorption and lu
minescence spectra. The internal quantum ef
ficiency of the (N,X) J = 1"* O radiative re
combination is determined as being close to
100 %. The minimum absorption coefficient
which could be detected with the samples used
here was < 10"^ cm~^.

I. Introduction to the Method

An externally excited solid can relax to thermal equilibrium by
emission of either photons or phonons. Highly sophisticated spec-
troscopic techniques to detect and to analyse emitted photons are
well established. No spectroscopic techniques of similar versatil
ity and sensitivity exist to date for the detection and analysis
of phonons. Yet the desirability of a phonon spectroscopy is high
ly recognized e.g. for investigations of shallow and deep impuri
ties or defects in semiconductors. Such investigations would be of
interest from a fundamental point of view to provide information
about the electronic structure of such centers, their interactions
with each other and with the lattice and for many applications,
since e.g. the performance of optoelectronic devices like LED's
or fast infrared detectors depends strongly on the presence and
the properties of defects and impurities. With this contribution
calorimetric absorption spectroscopy (CAS) - a further develop
ment of the well known calorimetry - is introduced as a spectro
scopic technique to investigate phonon emitters. This technique
appears to be simpler and more sensitive than the recently pro
posed acoustooptic spectroscopy ri].

The principles of CAS are discussed first. Then some results of
a comparative study of CAS, absorption and emission spectra of N
and S doped GaP crystals at low temperatures are presented to de
monstrate the sensitivity of the method. It is found that the ex-
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citon bound to isoelectronic nitrogen has an internal quantum ef
ficiency of close to 100 %.

In CAS a pulsed monochromatic light beam is absorbed by some re
sonant state in a solid. During relaxation to thermal equilibrium
phonons are emitted. Part of the phonons are transmitted to a calo
rimeter and give rise to a voltage signal. The wavelength dependent
change of the voltage is measured. Thus the method is the equiva
lent to one of the most modern and elegant optical techniques, ex
citation spectroscopy, with the sole difference that the signal is
an integral measure of the phonons.

The energy Q absorbed from a light pulse of intensity I^,
wavelength A , and duration A t is

(1 - R) (1 - exp (- JL d) ) at

^ ~ 1 - R • exp ( - oi d) ^ ̂  ̂
where «^- (\) is the absorption coefficient, d the thickness of the
sample and R the reflection coefficient. For values •td'Se 1, ty
pical for impurity absorption in not too thick samples, (1) simpli
fies to
Q= I oidAt , (2)
The part '»i Q of the absorbed energy is reemitted in the form of

photons. The remaining part W = Q (1 - ) i where '♦t is the inter
nal quantum efficiency for radiative recombination, is emitted in
the form of phonons. The quantum efficiency equals where
the experimentally determined total lifetime depends on the
radiative and nonradiative lifetimes T and "Crn- via =

+ ( Tnr)-^'
For small quantum efficiencies Tt9»0, W » Q,

The number of emitted phonons is then a sole function of oC . Con
sequently the absorption coefficients of strongly "nonradiative
centers" can be determined precisely without using a photon detec
tor as far as ot is nonvanishing.

For Ti0 W depends on two variables, and . If is
measured independently, ""l can be determined and a complementary
measurement of 'i'. yields then independent values of and f nr'
lifetimes which are difficult to determine otherwise. Finally a
direct comparison of the relative absorption and CAS spectra of
different centers, at least one having fl " 0, leads to a direct
determination of ti of the centers with r} t0 already without quan
titative calibration of Q. An example for this already more sophi
sticated but experimentally simple application of Cas will be given.

The sensitivity of CAS depends mainly on the sensitivity of the
calorimeter. The temperature rise of the calorimeter is given by

^
where m , m , c and c are the masses and specific heats of sample
s  and §alorime€er c, respectively. Since the specific heat of so
lids drastically decreases with temperature the sensitivity can be
increased considerably by cooling down to a few K (2). Low tempera
ture calorimetry is several orders of magnitude more sensitive than
room temperature calorimetry, not only due to the decreased speci
fic heat, but also because small temperature differences can be
measured more accurately at low temperatures. Most conveniently the
change of the resistance R of a sensor with temperature T is
measured, using sensors like carbon resistors with large and non
linear dR/dT. A simple decrease of temperature e.g. from 4.2 K to
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I.5 K can thus lead to further improvements of the sensitivity by
orders of magnitude. The CAS experiments described in Section II
where performed in the following way.The samples were suspended
in the evacuated sample chamber of an optical He'^ cryostat and
mostly kept at a temperature of l.SK.The thermal contact of the
sample to its environment has to be kept as low as possible. As
thermal sensors carbon resistors were used.With increasing tempera
ture their resistance decreases.Typically the temperature rise is a
few mK leading to resistance variations of the order of kJl .The
change of the voltage drop across the resistors following the
emission of phonons in the sample was monitored with a transient
recorder.In order to avoid false signals due to light scattering
the carbon resistors are surrounded by radiation shields and are
thermally connected to the sample by thin copper wires. As light
sources we used an argon pumped dye laser as well as a high pressure
mercury lamp and a grating monochromator with spectral bandwidth of
0.3 A.

II. CAS of GaP:N,S as example

A number of nominally undoped epitaxial and bulk grown GaP
samples were investigated to demonstrate the merits of CAS. An in

spection of the lumi
nescence spectra
showed that all

samples contained N
and S as impurities.
Figure 1 shows a typi
cal luminescence spec
trum of a bulk sample.
The A and B lines

are due to the decay
of the J = 1 and 2

states of the N bound

exciton [3], the origin
of the broad line is

discussed in Refrence[4]
and the C-line at 5367 A
is due to the decay of
the sulphur bound ex
citon [5]. In contrast
to the CAS and absorp
tion spectra which are
superimposed in Fig. 2
the relative intensity

Fig. 1 Luminescence spectrum of GaP:N,S

of the different luminescence lines varied with excitation.A key
result is certainly the observation of the very sharp structure in
the CAS spectrum showing not only the J= 0-> 1 transition of (N,X)
and the J = 1/2-♦3/2 transition of the (S°,X)but also the J = 0-► 2
transition of (N,X) not observed in the absorption. This is explained
by a different quantiam efficiency and thus phonon emissivity of the
J = 1 and 2 bound exciton states.Whereas the J = 2 state has close
to zero, = 1)> O.The ratio of the A and C lines in CAS (2:1)
and absorption (6:1) differs strongly.The quantum efficiency of
(S°,X) is close to zero.All absorbed power is transferred into pho
nons. For comparison only 1/3 of the power absorbed by nitrogen at
the wavelength of the J=0->1 transition is transferred into phonons.

(N,X)

Luminescence Spectrum
GaP: N,S
16 K (S." X)

B5351A 5356A

5350 5360 5370
Wavelength (A)
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Fig. 2 CAS and absorption spectra of
GaP:N,S

The radiative
quantum efficiency of
this process is thus
67%.We should note that
this is the external
quantum efficiency of
the sample under inves
tigation. The internal
quantum efficiency of
the J = 1-* 0 recombi
nation can be estima
ted to be close to
100% from these re

sults in agreement
with more indirect ol
der determinations.

It should further

be noted that the
5356 A band is nei
ther observed in the
CAS nor in the ab
sorption spectrum.

The sensitivity of CAS for the present system was estimated
using the same sample shown in Figs. 1 and 2 by reducing the opti—
cal power to a point where no CAS signal could be detected any
more. Using a Dye-laser with a power reduced to a few nW and a
sample^of a thickness of 200ym and a mass of 20 mg a sensitivity of
< 10 cm-l was obtained. This is certainly not yet the ultimate
what can be achieved with CAS.
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