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CHAPTER 1

INTRODUCTION

In 1964 a research program on chemical-, electrical transport- and
optical properties of gallium sulphide was started in the Solid State
Group at the Department of Physics of the Eindhoven University of
Technology. In recent years a number of results of these investigations
have been published by Lieth [1] and Kipperman [2]. In the course of
these investigations photoconductivity measurements on a number of
single crystals were carried out at roomtemperature. In some of the
crystals the photoconductivity was found to depend superlinearly on
the light intensity [3]. Vink [4] carried out temperature dependent
photoconductivity measurements on one of these crystals and was able
to give an explanation of the superlinearity involving three levels
in the forbidden zone.

This superlinear behaviour was thought to be interesting enough to
justify a more extensive investigation of the photoconductive proper~
ties of doped gallium sulphide single crystals. More specifically,
the goal of these investigations is the preparation of intentionally
and quantitatively doped single crystals which show a well defined
photocondugtive behaviour, such as a superlinear dependence on the
light intensity. The results of these investigations are presented in

this thesis.

The intensity~ and température dependence of the photoconductivity in
a semiconductor is mainly determined by trapping- and recombination
centers [5,6] which often are caused by foreign impurities in the
crystal lattice (dopes). Since doped gallium sulphide single crystals
can not be obtained commercially the crystals had to be prepared by
ourselves. The method of preparation is described in chapter 2. In
this chapter some results of thermally stimulated current and luminescence
measurements are also given.

The quantitative analysis of both trace impurities and dopes is
necessary in semiconductor research. The results of spectrochemical
analysis are given in chapter 3 together with a description of the
method used in this case.

The temperature dependence of the photoconductivity has been investigated
at temperatures between roomtemperature and 20 K. The variable

temperature cryostat and crystal holder which has been used for this
purpose is described in chapter 4. This description has been

published previously [7].



Phenomena related to recombination- and trapping processes may yield
parameter values which can support an explanation of photoconductivity
results. TSC and TSL measurements have already been described in
chapter 2; in chapter 5 the results of photoluminescence measurements
are given.

Chapter 7 contains the results of photoconductivity and photo Hall-
effect measurements on some doped gallium sulphide single crystals.
The results are explained quantitatively in terms of the Klasens-
Duboc model [5].

In each of the chapters a discussion of the resulés is included. In
chapter 7 the relation between these results is discussed. Further-

more suggestions for further research are given in this chapter.

Gallium sulphide is a semiconductor with an indirect bandgap Egap
is 2,591 + 0.002 eV at 77 K [8].

This thesis has been written in such a way that each chapter can

be read separately. Literature is cited at the end of each chapter.
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‘CHAPTER 2

THE PREPARATION AND ANALYSIS OF DOPED GALLIUM SULPHIDE SINGLE CRYSTALS

A method is described for the preparation of pure gallium sulphide,
special attention is given to the preparation of stoichiometric material.
It is possible to grow from this material quantitatively doped single
crystals by a zone melting technique. A detailed description of the
procedure is given.

The results of spectrochemical analysis of the gallium sulphide show
that, if special care ig taken, GaS can be prepared in which silicon

and sodium impurities are detectable in gquantities of approximately

5 ppm.

Thermally stimulated luminescense and current measurements indicate that
cadmium introduces a trapping level in Ga$.

Photoluminescence experiments give some evidence that Ga vacancies

introduce recombination centers.
2.1 Introduction

A procedure is developed for the preparation of doped gallium sulphide
single crystals for photoconduction and photoluminescense studies. Both
the preparation of gallium sulphide from the elements and the prepara-
tion of the single crystals are described.

Spectrochemical analysis is used to determine the presence and quantity
of the dopes and unwanted impurities to the lowest possible detection
limit. Sometimes another method has a lower detéction limit. In the case
of cadmium dope, which introduces a trap in gallium sulphide, an
appreciably lower detection limit can be reached by using thermally

stimulated and / or current measurements.
2.2 The preparation of gallium sulphide

Although gallium sulphide prepared from very pure material is commer-—
cially available from Alusuisse [11, we had the following reasons to
prepare it ourselves. First because, although the amount of impurities

in both gallium and sulphur from which the commercially obtained gallium
sulphide was prepared, was known to be low (not more than one or two ppm),
the impurity concentration in the gallium sulphide was neither givem nov
guaranteed to be below a certain level. Second, the Alugsiusse material

was shown to contain silicon. Third,we wanted to be certain that the
preparation of the material waé always carried out under the same

stringent conditions.



The preparation of our gallium sulphide is based on the method used by
Lieth, Van der Heijden and Van Kessel [2] ; their method is a modification
of the one described by Klemm and Von Vogel [3] .

In the preparation of gallium sulphide from the elements very pure (6 N)
gallium pellets from Alusuisse [ 1] were employed.

These pellets were etched in an etch consisting one volume part HF

(38 to 407 HF in water), three volume parts HNO3 (65% HNO, in water) and

four volume parts water. The etching has to be carried oug at a temperature
well below 20°C (we used ice water to cool the etch) otherwise the gallium
pellets will melt by the heat generated in the etching process and flow
together. The etching proceduré is stopped as soon as the pellets, which
had a dull grey color, get a bright blue metallic color which takes about
three minutes. Afterwards, the pellets are rinsed in deionized water, dried
in open air and weighed.

The sulphur initially used was from Johnson Matthey (catalogue number

JM 775, purity 5N8) (41. However, it turned out that gallium sulphide
prepared from this sulphur had a black deposit on it. It was shown by
Koningsberger [5 ], who used the same sulphur in ESR experiments,that the
sulphur contained a large amount of carbon and oxygen presumably bound to
the sulphur. To separate the carbon and oxygen from the sulphur, the Von
Wartenberg-method [6 ] was used, which consists of local heating of the
melted sulphur to a temperature of approximately 700°C with a heater
encapsulated in a silica tube. The carbon precipitates partly on the

heater gnd can be scratched off.

SOZ, C$4

are removed by vacuum evaporation and the sulphur is then distilled into

and other volatile carbon-sulphur and carbon-oxygen compounds

another silica container. Although no more ESR signal was found by
Koningsberger after such a treatment, carbon could still be detected in
our experiments. The following simple test was used to show this.
Evaporation of one gram of sulphur from an open glass container left a
residue on the glass wall. The amount of blackening is assumed to be a
measure for the amount of carbon left in the sulphur. For purified
material the blackening has decreased markedly as compared with the
normal sulphur.

Gallium sulphide prepared with sulphur purified in this way has a

high magnesium content. This may be due partly because more steps were
used in the preparation process and partly to smoking in some of the
rooms in which the weighing and other processes were carried out.

At present sulphur from M.C.P.Electronics, Middlesex, England is used.
Judging from the blackening of the container from which this sulphur is
evaporated the carbon content lies in between that of the normal and

the purifieleohnson-Matthey sulphur.
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A silica container consisting of two ampoules connected by a tube
(see fig.2.1) is used for the preparation of gallium sulphide. The

container is made from Pursil 453 silica (Quartz and Silice, France).

part’ |tube1 part 2 ]ltubeZ
€
[

=

Hem 8cm 1icm

Fig.2.1 The gilica container used for the preparation of gallium sulphide.

Prior to use the container (and other ampoules described later on)
is degreased in chromic acid for at least 24 hours, rinsed with water
and etched for 45 minutes in an etch consisting of one volume part

in
3
water). Subsequently the ampoule is rinsed again with deionized water.

HF (38 to 407 HF in water) and three volume parts HNO3 (657 HNO

Batches prepared in containers which had been cleaned in this way showed
traces of calcium. However, calcium is no longer detectable when the
containers are rinsed again with deionized water which has been recircul-
ated through an ion exchanger and has a resistivity of approximately

22 Mohm cm.

The following procedure is used for filling the container. The gallium is
put in part 1 of the container through tube 1. The container is then
weighed on a balance with an accuracy of 0.1 mg. The amount of sulphur to
be added is calculated using an atomic weight of . 69.72 for gallium and

32.064 for sulphur; in the correction for the buoyancy in air,a density

of 2.0 g/cm3 for sulphur and 5.9 g/cm3 for gallium is used. Weighing

the sulphur is carried out with the container on the balance. Tube 2 is
then sealed off and the container is evacuated (approximately ]0.—3 torr)
through tube 1.

Approximately 40 grams of gallium and 20 grams of sulphur are used for
each batch.

Two fifty centimeter 1ohg silica tubes are then welded to the ends of

the container (see fig.2.1), which is thereafter situated in a furnace
which provides a temperature gradient such that the gallium compartment is
at a temperature of 960 to 980°C and the temperatuzs at the sulphur side is
less than 400°C.

Cochran and Foster {7] showed that galliun vez~is with silica under

the formation of gallium suboxide and silicun scuv.ing to the following
reaction

4 Ga + SiC-2 2 8i + 7 6?20



and the silicon dissolves into the gallium. In gallium heated for 30 minut.:s
at 1000°C in a silica vessel Lieth et al [ 2] found 1.5.104 ppm *)silicon.
By rotating the container the reaction time could be considerably reduced;
thus it was possible to obtain a complete reaction within 10 to 15
minutes.

Afterwards part 1 is sealed off from the rest of the container. In part 2
of the container dark rings are visible. If part | of the container
remains connected to part 2 and part 2 is heated to a higher temperature
(which occurs if the ampoule is shoved further into the oven) the black
deposit disappears. It is assumed that the dark rings consist of a carbon
deposit and that the disappearance is due to a chemical transport

process in which sulphur is the carrier.

X-ray analysis shows that directly after the completion of the sulphur
gallium reaction both gallium sulphide (GaS) and gallium sesquisulphide
(GaZSB) are present in part | of the container. To complete the reaction

a procedure is followed in which the ampoule is kept for two hours at a
temperature slightly above the melting point of gallium sulphide (962°C)
while being continuosly rotated.

Thereafter the ampoule is quickly cooled in deionized water.

This enhances the formation of small crystals which makes it possible to
powder the batch afterwards. The ampoule is then put into the furnace
again for another hour at 920°C. If this last step is not included , a
green—gray layer is left on both the wall and the gallium sulphide. This
layer is assumed to be a mixture of gallium and gallium sulphide (see’
reference | 8. ). The ampoule is cooled down slowly and opened.
Approximately 500 times less silicon is found in gallium sulphide prepared
under such stringent conditions as compared to gallium sulphide prepared

according to Lieth fgl.
2.3 The growth of doped gallium sulphide single crystals

As shown by Lieth: 8. GaS single crystals can be grown by sublimation,
iodine transport and from the melt. It takes 80 to 160 hours to prepare
single crystals in these ways. Only in the melt growth technique, the
Bridgman method, can the inclusion of foreign atoms be more or less forced.
In growth from the vapour phase one can only hope that foreign atoms after
being added to the bulk, will also sublimate or be transported to the lower
temperature side. Even then quantitative control remains a problem.
Since the Bridgman method is a time consuming method and thus enhances the
*, Concentrations of impurities or dopes are given in gram atoms per
Mole Ga$S in'ppm.
10



possibility of contamination (with for example silicon) a zone melting {9]
method was chosen.

The high resistivity, vapour pressure and melting point of gallium sulphide
{Lieth et al [10 ]) forced us to use a furnace and a resistance heater
instead of an induction heater as in the case of germanium.

A Heraeus Rok 6.5/100 oven with an internal diameter of 6 cm and a length
of 100 cm is used. The oven makes an angle of 2.5 degrees with the horizon-
tal to compensate for density differences between fluid and solid GaS. One
side of the oven is closed by means of a ceramic plate to prevent a chimmey
effect and to get a smaller temperature gradient. The oven temperature is
regulated by means of a shielded chromel-alumel thermocouple which is
connected to a West Gardian Q3X~PID controller. The temperature in the oven
was found to remain constant (at the desired temperature of QIOOC) within

two degrees for six hours.

000

E— o]
g

20 30 40 50 60 70
e

Fig.2.2 The temperature measured along the oven axis.

In figure 2.2 the temperature iz given measured along the oven axis.

Measurements are made from the open side of the oven.

5 92 5
- 20
a8 5 910 T
| Z -

N
e

. / N

L N\
52 55 60 65 70

et | {CTTY)

Fig. 2.3 The temperature in the maximum temperature region.
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" From figure 2.3 it can be seen that the temperature is constant within
a . . ; . .
5°C over a 11 cm long region. The radial temperature gradient in this
. . . o s
region is approximately 10°C over 3 cm, measured from the oven axis to

the oven wall.

~ 10¢ | I A B B A R S I B P
°5 L 1000 °§
80+ -
I - —980
60 -
- ~1 980
W0 -
- —~1940
20 .
- - 920
I N W SRS NN SR S N
0 20 40 60 80 100 120

——— W (watt]

Fg.2.4 Temperature rise in the center of the ringheater as a funetion
of the dissipated power W in the ring.

Local heating is provided by a resistance heater consisting of a ring-shaped
silica holder on which 45 cm of 0.6 mm thick Kanthal wire is wound t
(resistance 2.3 ohm). In figure 2.4 the temperature rise AT in the center
of the ring as a function of the dissipated power W is given. It should be
noted that the temperature is measured with a 2 mm thick thermocouple in

the center of the ring. '

A schematic drawing of the oven with ampouie, ring heater and moving
mechanism is given in figure 2.5. The ampoule l,‘fonsisting of a 10 cm long,
12 mm internal diameter silica tube is fastened to the silica support 2 and
placed in the oven 3. The ring heater 4 can be moved along the ampoule by
means of two silica tubes 5 and a support 6, this support can be moved by

the motor—-driven drum 7 which is connected with a thin metal ribbon 8 to the
support 6. !

The axis 9 along which support 6 moves is rotating;thus ensuring a low
friction movement; it is driven by the motor 10.

The oven temperature is controlled with the thermocouple 11 as a sensing
element and monitored by thermocouple 12, The thermocouple !l.is not
influenced by the heat from the ring-~heater since it is placed in a seperate

ceramic tube close to the oven windings.

12



When the ring~heateris not activated thermocouple 11 indicates a 20
higher temperature then thermocouple 12.

Fig.2.5 Schematic drawing of the oven, Mor explanation of the numbers
see the text.

Experiments with different velocities of the ring heater showed that with
velocities higher then 6 cm/hour only very small crystals could be obtained.
Velocities of 1 to 4 cm/hour resulted in crystals with large voids (up to
2 mm in diameter). However, these holes disappeared to a large extent when
the ampoule was filled with nitrogen with a pressure of 40 cm Hg at room~
temperature. In this way with velocities of 4 to 6 cm/hour usually 5 to 10
crystals were obtained with dimensions of approximately 3 x 3 % 0.2 mm3.
Since we did not need more or better crystals no experiments were carried
out to enlarge either the single crystal yield or size.

Experiments of Prinsen [ 11 ] showed that crystal size and yield with a zone
melting method using a vertical oven is approximately the same.

For growing doped single crystals the following ﬁrocedure was used.,

Metal impurities are added in the form of the metal sulphide to the Ga$S,
iodine is incorporated by simply adding it as an element. The gallium
sulphide thus obtained is used as starting material for single crystals
with dopes of 100 ppm or higher. Lower concentrations could be obtained

by diluting the startiug material with undoped GaS.,

For each run the silica ampoule is filled with approximately 10 grams of
GaS, subsequently evacuated (approximately 10“3 torr) and filled with pure
nitrogen at a room temperaturepressure of 40 cm Hg. The ampoule is then
placed into a furnace at a temperature of 980°C in which it is kept rotat-
ing about the oven axis,under an angle of 20 degrees with the axis for

30 minutes. Afterwards, the ampoule is halted in a horizontal position

and cooled slowly. This gives the molten material a flat surface. Then
ampoule 1 (see £ig.2.5) is connected to the silica support 2 and placed
into the oven 3.

The ring heater dissipation is 85 W, ensuring a maximum temperature rise of

80°c. Since the melting point of GaS is 962 1_400 [IO} a molten zone is



created in the material in the ampoule. In each run the ring heater is
drawn two or three times along the ampoule.

It should be noted that a lower coven temperatuvre and a higher ring heater
dissipation may result in a narrower molten zone but in that case
sublimation from the molten zone to colder parts of the ampoule isg

considerable.
2.4 Spectrochemical analysts of gallium sulphide

Emission spectrography with a D.C.arc as excitation source was used for

the analysis of the samples [ 13]. In table 2.1 the quantitative

Table 2.1 Quantitative detection limit for a rnumber of elements in

GasS in ppm
Element | Detection limit Line (nm)
in 17 330.2
cd 5 326.1
Ca 3 396.8
Cu 0.3 324.7
Mg I 279.5
Na 3 588.9
Si 2 251.6

detection limits are given for a number of elements together with the
wavelength of the line that was used, while in tables 2.2 and 2.3 the

results of spectrochemical analysis of gallium sulphide are presented.

Table 2.2 The concentration in ppm of contaminating elements in

bulk GaS
Batech |M37 | m38 | w43 | wmas | w48 | M40 | wms0 | m51 | Alus®
Element
Ca <3 <3 5-9 -3 0-7 <3 5 n.d. n.d.
cw |o-5 | 35 | 2-3 2-4 | .6~2.3 | 16-30 12 6 | 4.6
Na |5-15 | 5-8 | 6-20| o-10 | o0-6 o-4 | 7-30 | o0~5 | s-9
si 4-9 4-13 | 1460 | 6-12 | 7-10 | 0-16 |12-22 | 46 | 18-30
Mg } 1-4 -2 | 15 7 7-19 7 1-2 | n.d.
R

/ ‘ .
from Alusuisse

14
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Table 3.8 The concentration of dopes and contaminating elements in zone melted GaS single ecrystal batches

in ppm, Batoh VE188 is grown by the Bridgman method (Lieth).

Batch T10 T34 T35 170 T69 T52 T50 53 T49 T48 51 T65 Ve 188
Dope added In Zn Na Na J Cu - Cd cd Cd cd cd -
Amount of | 100 100 100 100 1000 100 - ] 10 100 1000 100 -

dope (ppm)

Bulk batch MI18 M31 M34 M49 M49 M38 ﬁ37 M38 M37 M37 M37 M48 -
Element

Ca <3 <3 <3 <3 <3 <3 <3 <3 <3 0-5 | <3 0-5 <3

Cu 0-.3 0-.4 0-.4 1 9-22 § 7-13 | 25-30]| <.3 .8 0~.8 | +4-.8] <.3 41,51 .5-1.5
Na n.a. | B.a. |20-90 |9-110] n.a. 3.8 | n.a. | 0~13 | n.a. | n.a. bL=6 7-18 011
Si 0-14 0-6 0-6 0-10 5-11 n.d. 0-6 0~8 06 0-40| n.d. 12-70 0-12
Mg 0~4 0-30 0-1.6|4-5 3-5 <1 0-18 1-1.2] 0-30 0-2 <1 5-7 0~2
Zn 20-65 | 20~140 | n.d. {n.d. | n.d., | n.d, |n.d. | n.d. | n.d. |o.d. | n.d. n.d. n.d.
Cd n.d. | n.d. n.d. |n.d. | n.d. n.d. | n.d. | n.d. | n.d. 7-18 | 60-100] 7-80 n.d.




Table 2.2 gives the concentration of contaminating elements in a number of
batches of bulk Ga$ together with an analysis of the GaS available from
Alusuisse.Batches M37, M38 and M43 were prepared from normal Johnson
Matthey sulphur, batches M44, M48, M49 and M50 were prepared from Johnson
Matthey sulphur which had first been purified according to the Von
Wartenberg-method. Batch M51 was prepared from M.C.P.Electronics sulphur
(purity 5N5). Moreover, batch M5! was prepared in silica containers which
had been cleaned with 22 Mohm cm water, while all preparations were carried
out in a room where smoking was prohibited. The notation "n.d." in the
tables means that the line in question could not be seen at all. The symbol
"<" means that the line was still visible but no quantitative measurements
were possible.

Table 2.2 shows the high magnesium content (6 ppm) in the batches prepared
from purified Johnson Matthey sulphur (batch M48, M49 and M50). Magnesium,
calcium and copper are not present in batch M51. The silicon content of
this batch is about 10 times as low as that in the commercially available

Alusuisse material.
Table 2.3 gives the concentration of dopes and contaminating elements in

single crystals. Samples were taken from the middle part of the bulk
material in an ampoule. )

Sodium was not always analysed in the single crystal batches, since the
analysis of sodium involved three separate exposures. This is noted by -
"n.a." in table 2.3.

It can be seen from table 2.3 that the dopant is incorporated into the

single crystals, it is not very homogeneous. In the batches T48, T51 and 163
6 to 87 of the dope added is found in the single crystals. This is probably
due to separation effects, In batches TS50 and T49 a large amount of magnesium
is found. This might have been caused by smoking.

In batch T49 and T52 a seperate analysis was carried out on Ga$ which had
been in direct contact with the wall, The silicon content in these sample

was found té be markedly higher: 25 and 600 ppm respectively.

2.5 Simple photoluminescence measurements

Batches doped with different elements did show some variation in lumines-
cence if they were illuminated in liquid nitrogen by a blacklight i.e. by
a high pressure mercury discharge lamp with a suitable filter to transmit
only the 365 mm line. Since the differences in photoluminescence color of
the single crystal batches were not large, the results are not given here.
A marked difference in photoluminescence on the other hand was found

between those bulk batches which had a green-gray substance on the surface

of the Ga$ and the ampoule and those which did not. The green—gray layer,
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assumed to consist of Ga$ and free gallium, did not show any luminescence
while the bulk luminescence in this case was dark red. The batches which
had been kept for one hour at 920°C showed a bright yellow orange lumines-
cense while even green could be detected, Since the batches with the
green—gray layer have too low a gallium content in their bulk, this might
indicate that gallium vacancies give rise to a recombination center,

It should be mentioned that the Alusuisse material shows a red lumines—

cense and thus might be gallium deficient,

2.6 7SC and TSL meqsurements on cadmium doped gallium sulphide

Thermally stimulated current (TSC) and thermally stimulated luminescense
(TSL) measurements [14] can be applied as an analytical method to
determine the amount of an impurity in a semiconductor if this impurity
introduces a trapping level. '

In £fig.2.6 and 2.7 respectively, TSL and TSC curves measured on some of the
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Fig.2.6 TSL meagurements. Batch T50 is not doped, batch T49 is doped with
10 ppm cadmium, batch T48 is doped with 100 ppm ecadmivm, '

GaS single crystals are given. The voltage over the evaporated gold

contacts was 10 volt for the TSC measurements.
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The TSL curves show four peaks, the TSC curﬁes seven.

Apparently the peaks at 221 K in the TSC curves and at 230 X in the TSL
curves are characteristic for cadmium. The absence of a difference in height
between the 230 K TSL peaks in curve 2 gpd 3 (fig.2.6) is probably due

to inhomogeneity of the cadmium. This is in accordance with the results of
the analysis given in table 2.3, which show that a cadmium concentration
overlap exists in some batches while the inmitial concentration calculated
from the amount of dope added to the GaS differs by a factor 10. The 230 K
peak from TSL curve 1 (fig,2.6) and the 221 K peak from crystal GaS-T69
are more than 100 times lower than the corresponding peaks in the cadmium
doped samples. From this one can estimate that the cadmium comcentration
in batches which are not doped with cadmium is approximately 100 times

lower than in those batches to which 10 or 100 ppm cadmium is added.
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Fig.2.8 TSC measurements .Batch T65 ig doped with 100 ppm cadmium, batch T69
with 100 ppm todine.

From table 2.! it can be seen that such a concentration, 0.1 to ! ppm, is
well below the spectrographical detection limit for cadmium.

The activation energy of the cadmium trap is found to be 0.43 *+ 0.02 eV,
No research on the origin of the other peaks has yet been carried out.

However, it should be noted that the difference the heights of the 90 X
18



TSL~peaks is not caused by differences in concentration. The traps
associated with these peaks are already emptying at the temperature at

which the samples are irradiated (80 K).
2.7 Conclusion

It is shown that relatively pure GaS single crystals can be prepared by
a zone melting technique. The crystal yield is not very high but it is
possible that an improvement cam be obtained by using considerably lower
speeds of the molten zone and perhaps with a different atmosphere asbove
the ingot. The purlty which can be reached at present may be improved by
better laboratory conditions. A more sensitive method of trace analysis
will then be necessary.

The homogeneity of the dope in the single crystals is not very good. This
is likely to be due to separation effects at the molten zome boundary. A
careful study is necessary e.g., of separation effects, for improve-
ments in this direction.

Cadmium is shown to cause a trapping level at 0.43 + 0.02 eV whiéh may
provide an analytic tool for quantitative analysis of this material. A

systematic study may show other impurities to give rise to trapping levels.

LITERATURE

[ 1] Alusuisse, Swiss Aluminium LID, Buckerhauserstrasse 11, Zurich
(Switzerland),

[ 2] Lieth, R.M.A.; Heijden, C.W.M. van der; Kessel, J.W.M. van,
J.Crystal., Growth 5 (1969), 251.

[ 3] Klemm, W and Vogel, H.U. von, Z.Anorg.Allgem.Chemie 219 (1934), 45.

[ 4] Johnson, Matthey and Co. Ltd, 73 Hatton Garden, London {England).

[ 5] Koningsberger, D.C., Thesis, T.H. Eindhoven (1971).

[ 6 ] Wartenberg, H. von, Z.Anorg.Allgem.Chem., 286 (1956), 224,

[ 7] cochran, C.¥, and Foster, L.M., J.Electrochem.Soc. 109, (1962)

[ 8] Lieth, R.M.A., Thesis, T.H. Eindhoven (1969).

[ 9] Pfann, W.G. Zone melting, Wiley, New York (1958).

[10] Lieth, R.M.A., Heijligers H.J.M. and Heijden C.W.M. van der,
J.Electrochem.S0c.113 (1966) 798,

[11] Prinsen, L.M.L., Internal Report T.H.Eindhoven (1972) (in Dutch).

[12] Lieth, R.M.A., Heijligers H.J.M. and Heijden C.W.M. van der,
Mater.Sci.Eng., 2 (19673, 193.

[13] to be published. .

[14] wicholas, K.H. and Woods J., Brit.J.Appl.Phys.15, (1964) 783.

19



CHAPTER 3
QUANTITATIVE SPECTROCHEMICAL ANALYSIS OF GALLIUM SULPHIDE AND GALLIUM SELENIDE
3.1. Introduction

When a research program on the photoconductive, photoluminescent,and electri-
cal transport properties of gallium sulphide and gallium selenide was started,
it soon became necessary to determine the presence and quantity of trace im-
purities in these materials. Emission spectrography was chosen since this
method allows the detection of trace impurities in quantities between approxi-
mately one and one thousand ppm. Furthermore this way of analysis requires only
small amounts (5 mg) of material,

A short introduction to emission spectrography is given together with a des~
cription of the apparatus, the preparation of standard samples and the esta-
blishment of working curves prepared by means of these standard samples.

Detection limits resulting from these working curves are also given.
3.2 A short itntroduction to emission spectrography

Emission spectrography is based on the principle that excited atoms and ions.
emit light of well known discrete wavelengths. In order to analyse a solid
spectrochemically the solid first has to be atomized. This can be done by
evaporating it at high temperatures. At sufficiently high temperatures the
atoms are excited or even ionized.

In the method described here a direct current arc between graphite electrodes
is used as the excitation source. The lower electrode is loaded with a small
amount (5 mg) of the substance to be analysed. When the arc is ignited this
substance starts to evaporate and a hot plasma containing excited atoms and
ions is formed between the electrodes. The plasma can reach temperatures of
5000 to 8000 K. The intensity of the spectral lines emitted from this plasma
is dependent on the concentration of the atoms in the arc which in turn
depends on the concentration of these atoms in the substance on the electrode.
This intensity can be measured by using a spectrometer with photographic
recording.

The blackening of the photographic plate after developing is a measure for

the intensity to which the plate has been exposed. A graphic representation
of the relationship between the relative intensity and the photographic

response is called a calibration curve. A number of different representa-
tions of such a curve can be given two of which will be described.

A characteristic curve is obtained if the optical density D of the
developed pgotographic plate is plotted as a function of thevlogarithm of
20



the light intensity I to which the undeveloped plate was exposed. If the
relative transmission T of the partly blackened plate is defined as the
ratio of the light intensity transmitted through the blackened part

to the light intensity transmitted through a clear part of the plate,
then D can be defined as

D=~ 10log T.

The relation between D and log I is linear over a small intensity range.
The contrast of a photographic emulsion is given by vy
=-—-——d£——

LR P YR
in another representation of a calibration curve the Seidel function § is
used, defined by

1
S = logﬁf 1y.

The relation between § and log I is linear over a larger intensity range
than the relation between D and log I. For that reason it is easier to work

with Yy given by
- 45
Ys 7 3 log T °

The relation between the concentration ¢ of a certain element in the sample

and the emitted light intensity can often be given by
C=kKI".

Both K and n are independent of the concentration, n has a value € 1.

A plot of the photographic response as a function of the concentration is
called a working curve. If the Seidel function is plotted as a function of
log € the working curve will be a straight line.

An extensive treatment of this method is given by Ahrens and Taylor [1 ]

and Boumans [ 2] .

3. 3. Apparatus

3.3.1. Exeitation source

The excitation source is a continuous direct current arc, fed from a three
phase, double sided rectifier. The primary voltage is 120 V, the operating
current is 10 A.

3.3.2. Electrode assembly

The upper electrode is a 3.05 diameter flat top, graphite rod. The lower

electrode, the anode, is a 4.6 mm outer diameter graphite rod with a 3.9 mm

internal diameter, 3.2 mm deep crater. Both electrodes are obtained from
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Le Carbon Lorraine, preform numbers 9110 and 9145, material grade 208.

The electrode gap is 4 mm.

The lower electrode holder is a Boumans' double-flow device [ 3] which is used
for the suppression of CN-bands and to provide at the same time a stable

burning arc. A schematic drawing of the device is given in figure 3.1.

“05rmm 4 R electrode
X  E—
4 argen
water — = T e argon-oxygen

Flg.3.1. Schematic drawing of the Bownans'double flow device.
The device is machined from brase.

The principle of this device is that an inmert gas, argon, flows along the
lower electrode thus shielding the arc from the surrounding air; since the
CN-bands are caused by the reaction of carbon from the electrodes with nitro-
gen from the air, the CN bands are suppressed by this shielding argon flow.
However, the arc temperature which should be high to enhance emission from
excited atoms is now lowered because part of the power dissipated in the arc
arises from the reaction of carbon with oxygen from the surrounding air.
Therefore an inner gasflow has to be provided containing oxygen. We used a
9:1 argon-oxygen mixture.

The gasflow rates for optimum operation of the device were determined by
Boumans. Since in the experiments described here a different type and amount
of material was used a separate determination of the gasflow rates was needed.
It was found that the suppression of the CN-bands also depended strongly on
the distance x from the top of the lower electrode to the top of the electro-
de holder. This fact was not mentioned by Boumans. The best operating condi-
tions were found to exist for x = 0.5 mm and gasflow rates of 3.0 1/min for

the argon flow and 8.0 1/min for the argon-oxygen mixture.
3.3.3. Spectrograph

A 2-meter PGS2 Aus Jena spectrograph is used. Two gratings with 65! rulings/mm
provide a reciprocal linear dispersion of .72 nm/mm. One grating with a 275 nm
blaze wavelength is used for the ultraviolet region (245-415 nm) in which all

elements in which we were interested have at least one sensitive line, with the

exception of eodium. The second grating, blazed for 590 nm, is used for the
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analysis of sodium which has its most semsitive line at 589.592 nm. The slit—
width is 9 um for the ultraviolet region and 15 um for the analysis of sodiﬁm.

A six step neutral density filter, incorporated in the slit assembly, is used

to extend the usable intensity range. The sixz filter steps which will be denoted
by A, B, C, D, E and F, transmit 100Z (filter step A) to approximately 5Z(fil-
ter step F) of the incident light intensity.

3.5.4. Photographic processing

For the recording of spectral lines in the UV-range Agfa~Gevaert 34B50 placés
are used, the sodium 589,592 nm line is recorded on Agfa IP 15 film.

The 34B50 plates are developed in Agfa Metinol-U (6 minutes), the film is
developed in Agfa Rodinal (1 + 25). Both plate and film are fixed in Agfa
Acidofix. A solution consisting of 64 ml acetic acid (287) and 45 gram
desiccated sodium sulfate and an amount of water to make one liter is used

as a stopbath. All processing is carried out at 20.0%¢.
*
3.3.5. Densitometer

The density measu-ements are carried out with an Aus Jena G II densitometer in
which the internal galvanometer is replaced by a Fluke A 88 galvanometer
amplifier. This makes it possible to record the lines on a Philips PM 9100 flat

bed recorder.
3.4. Preparation of standards

For calibration purposes standards are necessary. These standards were prepared
by adding metal sulphides to pure gallium sulphide to obtain dope concentrations
of 100, 300 and 1000 ppm*); diluting these standards with the purest available
Ga$ provided standard with concentrations of 30, 10 and 3 ppm.
The standards were homogeneized by keeping them for 30 minutes at 980°¢C in an
evacuated silica ampoule. For some concentrations duplicate standards were
prepared to check on systematic errors.
The choice of the elements {metals) to be incorporated in the standards was
based on two criteria:

- the presence of the metal as an impurity element in gallium sulphide

had been proved previously[ 4] : »

- the metal was expected to be an interesting potential dope.

According to these criteria the following elements were investigated:

aluminium, cadmium, calcium, copper, germanium, iron, lead, magnesium, manganese,

*)

Concentrations are given in gramatoms per Mole.
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silicon , sodium, tin and zinc in gallium sulphide and copper, indium, silver,
tin and zine in gallium selenide.

It should be noted that elements such as the halogens, oxygen, nitrogen etc.
do not have atom lines of sufficiently low energy (<6 eV) and thus can not

be detected spectrochemically.
3.5, Plate calibration

The 34BS50 plates are calibréted by measuring the S values of the weakest
available gallium line at 262.4 nm. The intensity of this line is such that

if the six step filter is used (see section 3.3.3) the blackening of the plate
can be measured for two of the steps. The values of § for the two filters will

be denoted by SE and SF respectively. The values of S_ and SE - §,. measured

E F
for 90 different exposures are given in fig.3.2. The spread in the measured

values of SE - S_ is much less than the spread in the measured values of SE
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Fig.3.2. The values of Sy and Sp=Sp meagured on the gallium 262.4 wm line
Ffor 90 different exposures. The mean value is denoted by a broken

line.

because SE - SF depends only on the properties of the photographic plate

while SE is also dependent on the arc conditionms.

Those exposures showing values of S, outside the range given by 0 < 8y < 0.4

E
are not used for quantitative amalysis. From figure 3.3 which gives the value
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of SE measured for different amounts of GaS in the lower electrode it can be

estimated that in this way a relative error of less than about 40% is made.

Sg
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0z Fg.3.3. The value of 5, measured for different

amounts of gallium sulphide

0 in the lower electrode.
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3.6 Racking plate spectra

Racking plate spectra were taken to analyse the selective volatilisation of
the different elements.

The following procedure is used. The slit height is adjusted to 0.9 mm.

At t = 0 the arc is ignited. After two seconds the shutter is opened and the
plate is exposed during five seconds. The shutter is closed and in the next
second the plate is moved up one mm. The shutter is opened again during five
seconds, after which the plate is moved up one mm; this is repeated until the
sample has completely disappeared from the electrode. The results are given
in fig.3.4 and 3.5. From these figures it can be seen that the dope elements can
evaporate before, simultaneously with and even after the gallium.

To understand the phenomena a description of the arcing is necessary. After
approximately 35 to 40 seconds the crater wall of the lower electrode breaks
down causing an effective increase in the electrode gap which takes a few
seconds to correct. Then the intensity becomes markedly higher. At t &~ 73
seconds part of the residue on the electrede forms a globule which volati-
lizes in 5 to 7 seconds. Most of the irom, silicon, calcium, magnesium and
aluminium evaporates at this time. After approximately 95 seconds no more

evaporation takes place.
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Fig.3.5. Racking plate spectra for GaS with 1000 ppm magnesium, germanium,
gine, tin and copper.
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It should be possible to lower some of the detection limits by exposing the
plate only during the time at which the element under consideration

volatilizes.
3.7 Results
The results of the trace impurity analysis are given in table 3.1 for

gallium sulphide and in table 3.2 for gallium selenide. For most elements two

lines were used as a check on systematic errors and to extend the concen-

Table 3.1. The detection limit and the value of n

for some elements in gallium sulphide.

ELEMENT LINE, nm n DETECTION
LIMIT, ppm
Al 308.216 .9 16
Al 309.271 .9 9
Ca 317.933 1.0 9
Ca 396.847 1.0 3
Cd 326.106 1.0 5
Cd 346.620 1.0 25
Cu 327.396 .8 .6
Cu 324.754 .8 .3
Fe 259.837 1.0 5
Fe 259.940 1.0 1.5
Ge 265.118 1.0 2.5
Ge 303.906 1.0 4
Mg 279.553 .6 1
Mg 285.213 .6 2.5
Mn 279.482 .9 1
Mn 280.106 .9 2.5
Na 588.995 1.0 3
Na 589.592 1.0 6
Pb 280.199 1.0 3
Pb 283.306 1.0 2
Si 251.611 1.0 2
Si 252.851 1.0 6
Sn 283.999 .9 3.5
Sn 317.502 .9 3
Zn 334.502 1.0 17

27



Table 3.2. The detection limit and the value of n

for some elements In galliuwn selewide.

ELEMENT LINE, nm n DETECTION
LIMIT, ppm

Ag 328.068 .9 .3

Ag 338.289 .9 N

Cu 327.396 .8 .9

Cu 324.754 .8 .5

In 325.609 1.0

Sn 283.999 .9

Sn 317.502 .9

Zn 334.502 1.0 28

tration range; in fig.3.6 an example is given of two working curves as ob-
tained for irom.

The value of .n from the relation between the concentration C and intensity I

e C (ppm)
21 10 ’ 100 1000

Fe 259.940
Fe 259.837

0 1 2
—» {og C

Fig.3.6. Two working curves for irom.



(see section 3.2) is 1.0 for most elements. Lower values may be waused by

self absorption.

The detection limit, found by extrapolation of the relation between S and C
to a value of § = — 1.3, is lower than 10 ppm for all elements with the
exception of zine. It may be possible to reach a lower detection limit for
zinc by using the Zn 213.856 line. In that case the use of a different
type of plate is necessary since the Agfa Gevaert 34B50 plate is not
sensitive at wavelengths below 220 nm.

For iron (see fig.3.6) one line with one filter can be used for the con-
centration range from 1.4 to 1000 ppm. If n is smaller than 1 and the
wavelength is higher than 340 nm two lines or the use of more filter steps

are necessary to cover this concentration range.

3.8 Conclusion

With the method described here a number of trace impurities in gallium
sulphide and gallium selenide can be detected quantitatively with a detec-

tion limit which is lower than 10 ppm for most elements under consideration.

The relative error in the impurity concentrations is less than 40Z.
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CHAPTER 4 *)

A metal cryostat and sample holder for photo
Hall-effect studies on high-ohmic crystals in the
10—300 K temperature range

G. A. van der Leeden and M. P. A. Queens

A number of cryostats for the temperature-range between
10 and 300 K have been reported in the literature.1 -4

The cryostat described here was developed for measure-
ments 5-6 of the photo Hail-effect and the light intensity
dependance of the photo-conductivity on crystals with a
high dark resistance. The cryostat and sample holder
together have the following advantages:

temperatures between 10 and 100 K can be reached and
kept constant to within a few millidegrees for a period of
up to several hours;

four wires with a high resistance and a low capacitance
to earth can be attached to the easily interchangeable
sample;

due to the use of a sample holder filled with helium gas
the temperature of the crystal changes less than 1 K (at

The authors are with the Physics Department, Low Temperatures
Group, University of Technology, Insulindelaan 2, Eindhoven, The
Netheriands. Received 29 June 1971.

20 K) when the light intensity is changed from 0 to
10 W m2 at the crystal site;

the sample holder can be detached from the cryostat
and opened without loosening any of the soldered joints.

Description of the cooling system and sample
holder

The basic cryostat and the cooling system. The basic cryo-
stat is a design of Severijns 7 (see Fig.1). It consists of a
liquid helium reservoir, 8, surrounded by a gold-plated cop-
per radiation shield, 7, which is attached to the copper
bottom, 6, of the liquid nitrogen reservoir, 3, by means of
six screws.

The helium and nitrogen reservoir are suspended from
three tubes (5, 27) which are attached to the top flange, 1,
with nuts, 28. Due to the special construction 29, of the
suspension the rubber O-ring vacuum seals, 30, do not

x)T‘m'.s chapter was published as a " Technical and Research note " in

Cryogenics, 12, 51 (1972).
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Fig.1 Schematic drawing of the cryostat

become cold. The suspension tubes of the helium reservoir
pass through tubes, 4, soldered in the nitrogen reservoir,
The cryostat can be completely dismounted without
loosening any of the soldered or welded joints.

The cooling system is a modification of the one described
by Brebrer and Mooser.3 The evaporating helium can be
led either through the tubes, 26, 9, 5, or through the evapora-
tion tube, 27: both sets of tubes can be closed outside the
cryostat. In the first case the cold vapour passes through
the copper heat exchanger, 24, to which the sample holder,
21, can be attached. The heat exchanger consists of a
20 mm long copper block in which approximately twenty
holes of diameter 1 mum have been drilled. Lowering the
temperature is accomplished by increasing the evaporation
rate with the heater, 25. A higher temperature can be
reached by using the heating coil, 22, on the sample holder.
When the external valve in evaporation tube, 5, is closed,

the sample holder is thermally isolated from the helium
1eServoir,

The sample holder. The sample holder (see Fig.1 and the
upper part of Fig.2) consists of a base plate, 36, and a cylin-
drical copper box. They can be sealed with an indium O-ring.
A removable quartz window 14 (diameter 25 mm, thickness
2 mm), also sealed with an indium O-ring, is mounted on .
the box. The heater, 22, is glued to the box with GE 7031
varnish.
A holiow cylinder, 23, (4 x 10 mm) is soldered on the
top flange of the box. The lower part of heat exchanger,
24, consists of a 4 mm copper rod which fits hollow cylin-
der 23. After fitting the rod into the cylinder, the
assembly can be thermally connected with the screw, 12.
The Tight used for the measurements passes through
the quartz window, 14, and is then reflected onto the crystal
by mirror 35.

Mounting the crystal

A crystal is mounted in the following way. }
The crystal, 31, is pressed on the teflon crystal holder,
32, by four contact springs, 34. After crystal holder, 32,
has been mounted on base plate, 36, the upper part of
the sample holder (the cylindrical copper box) is sealed to
the base plate. The sample holder is then filled with
helium gas (1 ¢m Hg at room temperature) through a 3 mm
copper tube (not shown), and mounted lovsely on support-
ing tube, 15.
The assembly consisting of the sample holder, 21,
supporting tube, 15, radiation shield base plate, 18, and

Fig.2 Schematic drawing of the {open} sample holder on the
cryostat base plate
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cryostat base plate, 16, can then be shoved into the cryostat
tailpiece. The radiation shield base plate, 18, is pressed
against the rest of the shield with a spring, after which the
sample holder is fastened to the heat exchanger, 24, with
the screw, 12. Mounting the flanges, 13 and 16, completes
the operation.

Dimensions and materials
In Table 1 the dimensions of various cryostat parts have
been given.

Table 1. Diameter d, height &, and wall thickness w
of various cryostat parts

Part dmm h mm womm
He, N, reservoir 100 230 05
Tubes 5 and 27 11.2 — 0.3
Tubes 4 25.4 e 0.5
Tubes 9 and 26 4.8 - 03
Radiation shietd 8 115 300 1.0
Tailpiece radiation shield 11 60 220 1.0
Vacuum jacket 2 128 600 1.5
Tailpiece vacuum jacket 75 280 1.0

The cryostat is made mainly from stainless steel. The
botiom flanges, 6 and 10, of the reservoirs, the radiation
shields, 7 and 11, and the heat exchanger, 24, have been
machined from copper. The sample holder is constructed
from copper and brass. Joints have been either hard sold-
ered or argon arc-welded.

Performance

After pouring liquid nitrogen into the nitrogen reservoir it
takes approximately one hour before a stationary evapora-
tion of 0.16 litres LN, per hour is reached. Precooling

the sample holder is accomplished by pouring liquid nitro-
gen into the heat exchanger through tube, 5; after 40 minutes
the temperature has dropped to 80 K.

The evaporating helium vapour. which passed through
the heat exchanger while the cryostat is being filled, brings
the temperature (which is measured with a calibrated ger-
manium thermometer) down to approximately 10 K. Cooling
down and filling the two litre helium reservoir requires
about 2.5 litres liquid helium. After the transfer has stopped
an equilibrium temperature of 20 K is reached in half an
hour. The steady state boil-off is 0.13 litres LHe per hour.
Thus the cryostat can hold helium for about 15 hours. In
Fig.3 the temperature of the crystal holder as a function of
the evaporation rate is given. Although temperatures
below 11 K can be reached, the helium consumption
becomes relatively high in this case. In Fig.4 the extra cool-
ing power as a function of the evaporation rate is given. The
extra cooling power is defined as the power dissipated on
the sample holder by using the heating coil, 22.

Once cold, a new temperature setting between 10 and
80 K is accomplished within 10 minutes. The temperature
is kept constant within a few millidegrees without any dif-
ficulty. The temperature gradient over the sample holder
was not measured accurately. A temperature difference of
one degree over the sample holder is not unlikely. Ina
typical experiment a temperature change of approximately
0.9 K was d when the germanium thermometer
was mounted in place of the crystal and the light source
was switched off.
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CHAPTER 5.
PHOTOLUMINESCENCE MEASUREMENTS ON GALLIUM SULPHIDE.

Photoluminescence spectra measured on not intentionally doped gallium
sulphide single crystals and on crystals doped with copper, sodium and
cadmium, are presented. Copper is shown to give rise to a broad luminescence
band with a maximum at 2.00 eV and is probably also associated with a struc—
tured band at 2.4 eV. No specific band has been found for cadmium. In some
crystals a structured peak at 2.58 éV, which may be caused by free exciton

luminescence combined with phonon emission, is found.

5.1 Introduction.

Photoluminescence measurements on gallium sulphide single crystals have

been reported by Springford.[ll, Akhundov et al [2], Karaman and Mushinskii
[3]and Cingolani et al [4].

Springford published some measurements on a single crystal in the temperature
range from 65 to 133 K. He found bands with maxima at 650 nm (1.92 eV),

750 vm (1.67 eV) and 870 nm (1.44 eV).

Akhundov et al [2] and Karaman and Mushinskii [ 3] measured the photo—
luminescence spectra of GaSXSeI__K crystals with 0<x €1 at 77 K.

Akhundov et al reported in gallium sulphide a band starting at 450 nm

(2.76 eV) and extending to 680 nm (1.82 eV), with peaks lying at 4.95 nm

(2.50 eV) and 535 nm (2.32 eV). They assume that these bands are caused
by transitions from the conduction band to an acceptor level,

Yor gallium sulphide Karaman and Mushinskii found luminescence bands at
2.55 eV, 2.17 eV and 1.62 eV which they ascribed to excitons, gallium
vacancies and so called sulphur impurities respectively. These sulphur
impurities are probably contaminations of the sulphur they used for the
preparation of their gallium sulphide.

Cingolani et al [4] have found at 77 K « band at 2.15 eV which they assume
to be caused by iodine. They furthermore report "edge emission" at 2.59 eV
although their figures show that this emission band is centered at appro-
ximately 2.65 eV. It should be noted that, according to Aulich et al [5]
the indirect band gap energy E, is 2.591 + 0.002 eV at 77 K; they found
this value by combining steps which they measured in the absorption spectra
with Raman band energies reported by Wright and Mooradian [6] and infrared
absorption data reported by Kuroda et al [? l This value indicates that the
band found by Cingolani et al is associated with a direct band gap process.
The direct band gap in gallium sulphide is 3.05 eV [8].

No work seems to have been done on intentionally doped gallium sulphide

single crystals.
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The purpose of the photoluminescepce measurements described in this
chapter is to identify recombination centers and to find support for
models which can be deduced from the temperature- and intensity depen-
dence of photoconductivity measurements on gallium sulphide.

A description is given of the experimental arrangements. The dependence
of the photoluminescence intensitf on photon energy and temperature

are presented for crystals either doped or not intentionally doped.

5.2. Experimental arrangements.

The crystals are mounted in a metal cryostat of the type described in
chapter 4. A different sample holder and cryostat tail piece are used
(see figure 5.1}. The sample holder I consists of a cylindrical copper
block in which a hole is drilled with a diameter of .10 mm. The crystal
3 is mounted on a hollow cylinder 2 which fits the sample holder.

Fig.5.1. The eryostat tail piece and.
sample holder used for the
photoluninescence meagurements.

The excitatiom light reaches the crystal through the quartz window 4 and
the hollow cylinder 2. On the opposite side of the cryostat tail piece

a combined perspex window and 1ight conductor 5 conducts the photo~
luminescence light. The perspex used for this purpose absorbs light
with wavelengths below 375 nm, transmits light with wavelengths between
390 and 900 nm and does not show any luminescence in this wavelength
region. The temperature is measured either with the germanium thermo-
meter 6 or the thermocouple 7. The sampleholder is connected to the

heat exchanger 8 with the screw 9. The temperature can be regulated with

the heater»coil 10.
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The crystals are excited with light from a 150 W high pressure mercury
discharge lamp. The 365 nm line is separated from the lamp spectrum
with an UV interference filter combined with a 3 mm thick BGI2Z filter,
a 2 mm thick UG2 filter and a KG3 infrared absorption filter. The

- UGZ filter is necessary to absorb a weak 600 nm luminescence band from
the interference filter, while the BGI2 filter is used to suppress the
light transmitted by the interference filter at 730 nm. The maximum
light intensity is 35 mez which corresponds to 6.1019 photons/m2 8.
The measurements of the luminescence light intensity as a function

of the photon energy are earried out with an "Aus Jena" SPM2 mono-

chromator equiped with a glass prism. A slitwidth of 0.5 mm is

L] o e e S S M S S S A R A S St SRR [ S S RS SN S S s

crystal GaS (0) T60-3 crystal GaS (Na) T70-8 b

e phiOtOlUMinEscence intensity (arb. units}

I ] i i i i i i I
4 1.6 1.8 2.0 22 . 24 26 14 16 18 28 22 24 28

—etme phGton energy (eV)

i i H i

Fig.5.2. The photoluminescence spectra for orystals GaS(0) T60-3
and GaS{Na) T?70-6.
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Pig.5.8. The photoluminescence spectrum of the fine structure ik
erystal GaS(Na) T70-6. The measurements were carried out
with a spectral resolution of 3 meV.

normally used resulting in a spectral resolution of 13 meV at 2.5 eV
and 23 meV at 1.4 eV.

A cooled EMI 9558B photomultiplier is used as a detector. The photo-
multiplier is cooled with dry ice to ~68°C in a Products for Research
T~200 photomultiplier housing. The dark current of the photomulti-
plier of 4nA at roomtemperature is reduced to approximately 60 pA

at -68°C.

The photomultiplier current is measured with a Keithley 602 electro-
meter and recorded on a Kipp BD 8 flat bed recorder, The photomultiplier
noise is suppressed by connecting a capacitor parallel to the electro-
meter input resistance. This results in time constants of 1 to 12

seconds.Photoluminescence intensities are calculated by correcting the
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photomultiplier current for the photomultiplier spectral response and the

monoch

romator transmission and dispersion., The arbitrary units used

here are proportional to the number of photons emitted per mz, per

second and per unit of photon energy. Intensities from different

crystals can be compared to each other since the excitation energy

and th

—  w photoluminescence intensity (arb. units}

0.1

e irradiated crystal area were the same for all crystals.

IR N H U D R R R A A R B Tt 17T 1T 1717 71171 L\L
erystal GaS (Cu) 752-1 crystal Gas (0} T86-1 ~e
iy

| I ; M HS WO W |

! | T W . |
14 16 18 20 22 24 26 14 16 18 20 22 24 2.6
——pnphoton energy (eV)

Fig.5.4. The photeluminescence spectra for crystals GaS(Cu) T52-1
and GaS (0) T66-1.
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Fig.5.5. The photoluminescence spectra for crystal GaS(Na) T70-2.
The fine structure ot 2.4 eV 1g given with an extended
photon energy secale, the lLuminescence intensity scale is
not the same for different temperatures.

5.3. Results

Measurements were carried out on not intentionally doped crystals and

on crystals doped with copper, sodium and cadmium.
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In figure 5.2, the photoluminescence spectra are given of crystal GaS(0)
T60—3x), which is not intentionally doped, and of crystal GaS (Na) T70-6,
which has been kept in an evacuated silica ampoule for 40 hours at
840°C.

The fine structure in crystal GaS (Na) T70-6, measured with a spectral
resolution of 3 meV,is given in figure 5.3.

In figures 5.4 and 5.5 the photoluminescence spectra of three single
crystals containing approximately 20 ppm copper are presented. Crystal
GaS (Cu) T52-1 is intentionally doped with copper while the crystals

GaS (0) T66-1 and GaS (Na) T70-2 originate from single crystal batches
prepared from starting material which contained approximately 10-20 ppm
copper.

In figure 5.6 the fine structure in crystal GaS (Na) T70-2 measured with
a spectral resolution of 3 meV is given.

The photoluminescence spectrum of crystal GaS (Cd) T53-1 is given in

figure 5.7; batch T53 from which this crystal originates is prepared

T I I T T

=
3
[N
crystal GaS (Na) 770-2
20— T=12K

=— 2400

— 4 photoluminescence intensity (arb. units)

| | |
227 230 235 240 245 2.50

—— & photon energy (ev)

0 | |

Fig.5.6. [The photoluminescence spectrum of the fine structure in
erystal GaS(Na) T?0-2. The measurements were carried out
with a spectral resolution of 3 meV.



QT T T T T T T

crystal Ga§ (Cd) T53-)

intensity {arb. units)

= photoluminescence

P R N S N T N B R R S Fig.5.7. The photoluminescence spectra
W s 18 20 22 24 28
—— photon energy (V) of erystal Gas(Cd) T63-1,

from the same starting material as batch T52. The influence of a
copper dope can thus be seen by comparing the spectra from the crystals
GaS (Cu) T52-1 and Ga$S (Cd) T53~1.

The photoluminescence spectra of the cadmium doped crystals GaS (Cd) Tée8-1
and GaS (Cd) T51-1 are presented in figure 5.8.

Figure 5.9 gives the photoluminescence light intensity of the 2.00 eV
band in crystal GaS (Cu) T52~1 as a function of the excitation light

intensity at various temperatures.

In table 5.1 the results of spectrocheﬁical analysis are presented. From
this table it can be seen that all single crystal batches prepared from
starting material batch M49 contain 10 to 20 ppm copper which is due

to the fact that this batch, M49, was contaminated 'with 16-30 ppm copper

x) The (0) sign indicates that a crystal is not intentionally doped.
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as is indicated in table 2.2. Unfortunately the heat treated crystals
£rom batch T70 were not etched before the analysis. The results of

the analysis for this batch may therefore be due to surface contamina-

tions,

SO T T T T T T T T T T T T T T TR

L)
_ crystal GaS (Cd) TS!-1 crystal GaS(Cd) T68-1 c‘f’i

(arb. units)

~——— photoluminescence intensity

b N NN IO I T
16 18 20 22 2.4 26

e phOtON energy (eV)

Led b L

Gﬂ%

Fig.5.8. The photoluminescence spectra for the erystals GaS(Cd)
751~1 and GaS(Cd) T68~1.
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———a photoluminescence intensity {arb. units}

Table 5.1, The concentration of dopes and conmtaminating elements in
geven gallium sulphide single crystal batches.

Batch st |52 | 753 | 160 |T66 | mes |70 | T70™
Dope added Ccd Cu Cd - - cd Na Na
Amounts of | 100 1100 1 - - 14 {100 | 100
dope (ppm)

Bulk batch | M37  M38  M38 | M47 | M49 | M40 |M4D | M4O
Element

Cu . <0.3 p4-32 | 0.8 [1.3-2.5 i5-22 | 4-14 P-22 | 34~50
Ya 46 |3-8 |0-13 | 11 0-12 | 0-30 P-110| n.a.
cd 60~100 | n.d. n.d. n.d. n.d. | 10-24 fpp.d. n.d.
si n.d., |ndd. | <2 | 1590 |o-12| 0-20 P-10 |45-60
ca <3 |<3 | <3 | <3 |<3 | 0-20 [k3 0-5
Mg <1 <1 1.2 1 5-6 |2-2.4 1-6 K-5 3-11

"')After a heat treatment; traces of iron, lead, silver and indium were

also found.

¥ [

Gag (L) TR-1

Fi{g.5.9.

The photoluminescence intensity of
the 2.00 eV peak in erystal
GaS(Cu) T52-1 as a function of the
exettation intensity aé: different
o | L temperatures. The éiope i8 given

1 10 100 ox
————» relative excitation intensity (%)  for each curve.




5.4. Discussion
5.4.1. Crystals GaS(0) T80~3 and GaS(Na) T70-6.

Figure 5.2. shows that the luminescence spectrum for the crystals

GaS(0) T60-3 and GaS(Na) 170-6 is rather cowplicated : at nearly every
temperature new peaks appear while others disappear. The reason that the
two crystal spectra are shown together is that they have one common

feature : in both crystals a peak lying at approximately 2,58 eV is present.
For crystal GaS(Na) T70-6 this "peak" was measured with a resolution of

3 meV (figure 5.3). The fine structure found here suggests a phonon process.

At 4.2K phonon energies of A= 12 + 2 meV, A, = 20 + 2 meV, A3 = 38 + 2 meV
and A4 = 46 + 2 meV are reported by Aulich et al [5] . Their values are
found from absorption data and are in reasonable agreement with those

from infrared absorption and Raman emission spectra [6,7] . The process

- with which the phonon emission is associated has an energy of

2.598 + 0.003 eV. Let us assume that this process is either band-band ér free

exciton absorption.

The following tentative explanation can be given of the photolumines—
cence spectrum presented in fig.5.3. The step in the emission spectrum
lying at apprgximately 2.595 eV is assumed to be free exciton or band-
band emission x).The other steps and peaks in the spectrum could then be
caused by phonon absorption, Table 5.2 gives a survey of the peaks and

the associated phonon absorption.

5.4.2. Crystals GaS(Cu) T52-1, GaS(0) T66-1, GaS(Na) T70-2
and GaS{(Cd) Ts3-1.

The crystals GaS{Cu) T52-1, GaS(0) T66~1 and GaS(Na) T70-2 all contain
approximately 20 ppm copper (see table 5.1). The luminescence spectra of
these crystals (see fig.5.4 and 5.5) show one broad luminescence band

centerad at 2.00 eV and one band at approximately 2.4 eV.

x) It should be noted that both processes are only possible if a phonon is
emitted or absorbed at the same time, since the transition is indirect;
in a crystal in which stresses are present it is possible that the zero-

phonon processes are found.
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‘Table 5.2. Luminescence peaks in erystal GaS(lNa) I70-6 and
the associated phonon(sl.

Luminescence Phonon(s)

peak absorbed

2.595 eV -

2.585 eV A‘ = 12 meV
2.572 eV A2 = 20 meV
2,562 eV A3 = 38 meV
2,532 eV A2 + A3 = 58 meV
2,522 eV A2 + A4 = 66 meV

The 2.00 eV band is clearly caused by copper. Comparison of the spectra
from crystal GaS{Cu) T52~1 and GaS(Cd) T53-1 shows that the 2.00 eV
band is not found in the second crystal although both crystals have been
prepared from the same starting material; the cadmium dope in crystal
Ga$(Cd) T53-1 is only 1 ppm.

The band at 2.4 eV is also present in the crystals containing cépper,.

it is strongest in crystal GaS(Na) T70-2 which contains a relatively High
sodium concentration. This may indicate that this band is caused by sodium
or, since it is only found in crystals which contain copper, by a com~
bination of copper and sodium., The fact that in crystal GaS(Cd) T53—1;
which contains the same amount of sodium as crystal GaS{(Cu) T52~1 but

only 2 small amount of copper, the 2.4 eV band has not been found strongly

indicates that this band is associated in some way with copper.

The fine structure in the 2.4 eV band is nearly the same for the three
crystals; they show peaks at 2.33 eV, 2.37 eV, 2.41 eV, 2.45 eV and

2.49 eV. The fine structure in crystal GaS(Na) T70-2 measured at 12 K with
a higher resolution of 3 meV is given in figure 5.6. From this figurei

it can be seen that actually more peaks are present. This spectrum seems
to indicate a process with a relatively small half width, such as bound-
exciton or donor-acceptor pair luminescence [9] combined with the emission
of phonons. Free exciton luminescence is not possible since in other
crystals (see section 5.4.1) emissions at higher phonon energies have
been found. In the case of donor-acceptor pair luminescence the high
energy shoulder at approximately 2.49 eV (see fig.5.6) would be ﬁair
emission in which the sharp lines are lost due to the low resolution

of the spectrometer. If this is the case the "shoulder should shift if

A

44



the excitation intensities are lowered. At 3% of the maximum excitation
intensity no such effect could be detected within the experimental
accuracy which means that the shift, if present, is less than approximately

6 meV. This does not exclude this type of emission.
5.4.3. Crystals GaS(Cd) T61~1 and GaS(Cd) T68-1.

The crystals GaS(Cd) T51-1 and GaS{Cd) T68~1 both contain cadmium

while the latter crystal also contains copper since it has been prepared
from starting material batch M49 (see table 5.1). The simultaneous in-
corporation of copper and cadwium in a gallium sulphide crystal appears to
quench the 2.00 eV and the 2.4 eV band found in crystals containing copper

(see section 5.4.2.).

The incorporation of cadmium does not seem to give rise to a specific
luminescence band. A number of bands are present but they are different
for the two crystals. Thus no conclusions can be drawn about the role of

cadmium ag a recombination center.

5.4.4. The dependence of the luminescence intensity on the excitation
light intensity.

In fig.6.8 the luminescence intensity of the 2.00 eV band in crystal GaS(Cu)
T52-1 is given as a function of the excitation intensity. From this

figure it can be seen that at temperatures above 90 K the relation

between photoluminescence~ and excitation light intensity becomes

gradually supgrlinear. Measurements should be carried out over a consider—
ably larger intensity range to make an explanation in terms of for

example the Klasens-Duboc model [10] possible.

For other crystals only a linear relation between photoluminescence-

and excitation light intensity has been found.

5.5. Coneclusions
A structured emission band found in the photoluminescence spectra of

some gallium sulphide crystals is probably due to band-band or free

exciton emission combined with phonon emission.
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In galliem sulphide crystals doped with copper two photoluminescence
bands have been found. One band, centered at 2.00 eV, is certainly
caused by copper. The other band, lying at 2.4 eV, may be caused by
either copper or by copper and sodium; to determine this photo~
luminescence measurements on crystals doped with different amounts of
copper and sodium are necessary. The nature of this band, which shows

a structured emission, can not be determined on basis of the present
experimental evidence. A better resolution of the spectra is necessary
to clarify the nature of this emission, while time resolved spectra and
decay measurements will also provide useful. information. Experiments
at higher light intensities, e.g. with an argon laser, may also prove
“ugeful, but in that case a different type of cryostat is necessary
since the cryostat used for the present investigation is not suitable for
high excitation densities: the temperature of the crystal will become

too high.

Photoluminescence measurements on cadmium doped gallium sulphide single
crystals did not provide evidence that cadmiwm can act as a recombination

center,
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CHAPTER &

PHOTOCONDUCTIVITY AND PHOTO HALL-EFFECT MEASUREMENTS.

Photoconductivity measurements have been made on three gallium sulphide
single crystals as a function of light intensity and temperature. The
results are explained in terms of the Klasens-Duboc model. At temperatures
between 100 and 300 K a hole trap lying approximately 0.23 eV above the
valence band is regponaible for the temperature dependence of the photo-
conductivity which is p-type. At low temperatures this trap is filled and

the conductivity becomes n—type.

6.1 Introduction

The behaviour of the photoconductivity as a function of light intensity
and temperature depends in a semiconductor mainly on the recombination-
and trapping mechanisms of electrons and holes. Thus it should be possible
to study the behaviour of a dope which is a potential recombination or
trapping center by incorporating it in the semiconductor and measuring

the photoconductivity. By comparing results obtained from photoconductivity
measurements with those obtained from thermally stimulated current~(TSC),
thermally stimulated=1uminespencej(TSL) and photoluminescence measurements,
recombination and trapping parameters may be established. This approach
has been tried for gallium sulphide. Although a trapping center (cadmium,
see chapter 2) and a recombination center (copper, see chapter 5) have
been identified their influence on the photoconductivity could not be
studied since the photoconductivity was mainly determined by other centers
which could not be identified.

For three crystals measurements of the photoconductivity and photo Hall-
effect as a function of temperature and intensity are presented. An
explanation of some of the results in terms of the Klasens-Duboc [1,2]
model is given.

A description of the experimental arrangements is included in this chapter.

8.2 Experimental arrangements

Both photoconductivity and photo Hall-mobility are measured according to
the Van der Pauw-method [3]. This method is particularly suited to the
flat thin samples of gallium sulphide that can easily be obtained by
cleaving GaS, which has a layer structure [4].

Furthermore, by applying this method, only four contacts are needed as
compared to at least five with other methods. In our case each contact

consisted of two circular gold layers with a diameter of 0.5 mm at the
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Fig. 6.1. The conductivity o ve the relative light intensity J with the
temperature ae parameter for crystal CaS (Na) T70-3.

edge of the crystal and on opposite sides. Crystal dimensions varied from
3x3to5x5 mmz, while the thickness of the crystals varied from 10 to
80 micron, The crystals are mounted in the cryostat described in chapter 4.
The teflon sample holder with pressure contacts has been changed into a
rectangular piece of silica on which four gold strips have been evaporated.
To one end of these strips copper wires were soldered while to the other

end the crystal contacts are fastened with a fluid indium-mercury mixture.
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The same mixture is also used to connect the gold contacts on opposite
sides of the crystal. )

The measuring circuit for the conductivity and photo Hall-mobility measure—
ments is essentially the same as the one described by Kipperman and

Van der Leeden [5].

316 i
crystal Ga5 (Na} T70-7
thickness 45 u

10

— "

10 100 1000
— = relative light intensity J{*/sd)

Pig. 6.2. The conductivity o vs the relative light intensity J with the
temperature as parameter for crystal GaS(¥a) T70-7.

49



353

|
crystal GaS (0} T84 -1
thickness: 22 p
.3 208K

10
-

&

)

~t

"""
e —

290K

:
A

\
?

RN

'M
10’5 .‘L’\Y\

| / W

10

..B /
107 0 160 1600

et Telative light intensity  J(%eo)

[=1

Fig. 6.3. The conductivity ¢ ve the relative light intensity J with the
temperature as parameter for crystal GaS(o) T54-1.

A combination of a 150 W quartz halogen lamp, a Schott KRGl heat absorbing
filter, a Balzers DT blue broad band metal interference filter and a set

of Balzers nefitral density filters are used as a light source with variable
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intensity. The maximum light intensity on the place of the crystal is
determined separately with a CdS light dependent resistor which has been
calibrated against a Kipp CAl thermopile. The maximum light intensity is
16 mez, at a wavelength of 450 nm. This corresponds to approximately
3.5 . 10'°
A Newport type E magnet is used for the photo Hall-effect measurements;

photons/mzs.
this magnet gives a magnetic induction of I T with a current of 22 A.

8.3 Results

In this section the results are presented of measurements on three gallium

sulphide single crystals.

Crystal GaS(0) T54-1 is a not intentionally doped crystal*, the crystals
GaS(Na) T70-3 and GaS(Na) T70-7 come from batch T 70 which is doped with
100 ppm sodium but also contains approximately 10 ppm copper. Crystal
GaS(Na) T70-7 has been kept for 40 hours at 840°C in an evacuated silica

ampoule. The results of spectrochemical analysis of the batches T34 and T70

and of some of the crystals from batch T70 which underwent the heat treatment

are given in table 6.1,

Table 6.1. The concentrations of dopes and contaminating elements in
two GaS batches.

. ek )

Batch T54 T70 T70
Dope added - Na Na
amount of dope {(ppm) - 100 100
Bulk batch M45 M4g M49
Element

Ca <3 <3 0-5

Cu 0.7 9-22 34-50

Na 0-10 9-110 n.d.

si 0-85 0-10 45-60

Mg 1-3.5 4-5 3-11

®)

**)

The index (0) indicates a not intentionally doped crystal.

After a heat treatment; traces of irom , lead, silver and indium

were also found,
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The photo Hall-mobility My for
erystal GaS(Na) T70~3 at
maximum light intensity as a
function of T. The mobility
above 100 K can be eapressed
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Fig. 6.5.

The photo Hall-mobility My for
erystal GaS{Nal) T70-7 at
maximum light intensity as a
Function of T.
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Fig, 6.7.

The photo Hall-mobility uvH as a
function of the relative light
intensity J at T= 90 K for
erystal GaS(Na) T70-7.
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Fig. 6.8. The conductivity O vs the reciprocal temperature with the rela-

tive light intensity J as parameter for crystal GaS(Na) T70-3.

The measurements on crystals GaS(Na)T70 and GaS(Na)T70-7 are representative
for 23 crystals originating from 12 different batches which were either not
doped or doped with cadmium, iodine and sodium.

In figures 6.1, 6.2 and 6.3 the conductivity o is given as a function of
the relative light intensity J with the temperature as parameter. The
maximum light intensity corresponds to J = 1000 ®/00. From these figures

it can be seen that for the crystals GaS{(Na)T70-3 and GaS(Na)T70-7 the
d log o
d log J o
For temperatures below 70 K and J > 100 /oo the slope changes to 1.0.

value of is 0.5 at temperatures above 100 K and J > 10%/00.
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For crystal GaS(0)T54~1 these values are 0.33 (below 200 K) and 1.0
respectively.

The figures 6.4, 6.5 and 6.6 in which for the same crystals the photo
Hall-mobility uH at maximum light intensity is plotted as a function of

the temperature, show that the conduction type changes from n—type at low

10 T T T T T T T

crystal GaS {(Na) 770-7

——-—-—-pU(QJ’m")
1
N

J = 1000

198
7.10

30 40 5.0 60 7.0 80 3.0 10.0 1.0

— . 0Tk

Fig. 6.9. The conductivity o ve the reciprocal temperature with the rela-
tive light intensity J as parameter for crystal GaS(Na) T70-7. .
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temperatures to p~type at high temperatures. This change of conduction
type is alsc dependent on the light intensity as can be seen in figure 6.7.
In this figure the photo Hall-mobility My is given as a function of
relative light intensity at T = 90 K for crystal GaS(Na)T70-7.

The temperature dependence of the conductivity can be obtained from
figures 6.8, 6.9, 6.10 and 6.11 in which the conductivity o is plotted as
a function of the reciprocal temperature. These figures show that at
temperatures above approximately 100 K the conductivity increases with
increasing temperature while at lower temperatures it reaches a constant
value. Activation energies for o are approximately 0.08 eV. From current
measurements it could be seen that at high temperatures the dark current
in crystal GaS{0)T54~1 is nearly as high as the photo current at the
maximum light intensity. This explains the aberrations from the 0.33
slope in conductivity vs light intensity characteristic (see fig. 6.3)
and the seemingly higher activation energies (see fig. 6.10) at high

temperatures for this crystal.
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To enable comparison of the results for the three crystals in fig. 6.11,
o is plotted as a function of the reciprocal temperature for the maximum
light intensity.

It should be noted that in all crjrstals a conductivity of 10-8 Q_lm-}

s . 12
corresponds to a contact—to-contact resistance of approximately 10 Q.

o GaS INA) T70-7
4 GaS (NA) 770-3

; S (0) TS4-1 -
36 . Ga

10
Xl \\ -
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w \
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Fig.6.11. The conductivity ¢ vs the reciprocal temperature at maximum

Light intensity for three GaS crystals.
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In figure 6.12 the results of a TSC measurement after illumination at
20 K is given for crystal GaS(Na)T70-7. The 88 K peak was found in all
crystals on which TSC measurements were made after low temperature

illumination. According to Haake [6] this peak is not high enough to

Ga$S (Na) T70-7 4

— e #10)

100

Fig. 6.12. A TSC curve for crystal GaS(Na) T70-7.

apply the method of Garlick and Gibson {7 for the determination of the
trap depth E. However, an estimation can be obtained from Randall and
Wilkins' [8 ] rule of thumb E = 25 to 30 kTmax yielding a value of
approximately 0.2 eV for the trapdepth.

8.4 The Klasens—Duboc model

Klasens [ 1| has introduced a model for the light intenmsity and temperature
dependence of stationary state photoconductivity in semiconductors. Instead
of giving an explanation for one special case he imposed a number of well
chosen restrictions on a general model and stated the eight equations
describing the statiomary state for his model. By systematically
simplifying these equations it was possible to find 128 different
situations which can be solved easily. This approach was first used by
Duboc [ 2]. A summary of Klasens' method will be given here. His notation
will be used throughout this chapter.

The model used by Klasens consisted of a band model with two centers intro-
ducing diserete energy states in the forbidden zone. The Fermi-energy level
in the dark is assumed to lie between these two states. Transitioms of

electrons and holes between the bands and the centers are assumed to be
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possible with the exception of transitions between the centers. Band-band
recombinations are being neglected since their probabilities are

assumed to be small compared to those of the recombinations over one of
the two states., With these restrictions Klasens reached a scheme of

transitions which is given in fig. 6.13.

V-
‘ Bechih® B=zh
+ b1 H-level
U I=fna
A-level T____l____r R=nph~
Cﬁapao =Ya+
i l

Fig.6.13. Schematic drawing indicating the transitions in
the model proposed by Klasens.

The symbols n and p denote the concentrations of free electrons and holes,
while the density of empty and occupied H and A levels is given by the

symbols ho, h, a® and at respectively. The different transition rates between
the two states and the bands are denoted by I, C, E, R, L and B. The

transition rates follow from the Guldberg-Waage law.

According to this model Klasens formulates the following six independent

relations:
=a%+a D
h=0"+h (2)
a+ +p = h +n (3)
=I+R (4)
=L+ 1 (5)
=B+ R (6)

The aforementioned simplification of these equations consists of the
assumption that in each of these equations two of the concentrations or
rates are large compared to the third (and fourth). Thue 128 simplified
situations are generated which can all be ,easily solved yielding simple
expressions for the variable concentrations and rates as a function of the
excitation rate U and containing the process comstants o, B, v, €, % and

n and the level concentrations a and h. %-and % can be written as

-2
il

N_exp (~ EA/KT)

and

t
U

Ncexp (- EH/kT)

in which N, and Nc are the effective densities of states of the valence
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and the conduction band while EAvand E, are the energy differences between
a free and a trapped hole resp. electron.

Instead of numbering the 128 situations from 1 to 128 Klasens assigns to
each situation a code mumber consisting of 6 digits from which the
approximations used in this situation can be seen directly. In table 6.2
this system is présented. From this table it can be seen that for example
the code number 111212 is assigned to the situation in which a = aa, h = ho,
a+ = h-, U=R, C=L and E = R or in other words both the A and H

levels are nearly completely empty (a = 2° and h = ho) . The concentration

of free carriers is small compared to that of the trapped carriers (a+ = h-),
the A-level is in guasi-thermal equilibrium with the valence band (C = L)

and recombination occurs at the H-centers (U = R) from which the thermal
release rate B is small (E = R).

Table 6.8. The composition of the eode number relating to one of the
simplified situations in the Klasens—Duboc model.

value i 2 3 4
digit

first a=a’ a=a’

second h=h° h=h"

third a'=h" a'=n p=h~ pen
fourth U=1 =R

fifth C=L C=1

sixth E=B =R

The solutions for a number of the more important possible situations have

been given in detail by Klasens.

Each situation can only be valid in a finite temperature and excitation

range. The changeover from ome situation to another can usually be detected
from a change in the slope of the log conductivity - log intensity characteris-
tic of a crystal.

For more details of this method one is referred to Klasens' original

paper from which only a small part has been summarized here.

6.5 Application of the Klasens-Duboc model

é.5.1 Crystal GaS{Na) T70-3

The temperature region above 100 K, where the conduction is p-type, will
be considered first. From the temperature dependence of the conductivity

(see fig} 6.8) it can be seen that the concentration of free holes is
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temperature dependent which indicates that the A-level is a hole trap.

The maximum number of holes Prax for this crystal is found at T = 308 X
and J = 1000°/00. Using the values o = 1.2 . 10—4 ohm ' m ! and

-4 2 .
My = 6.10 4 m /Vs (see fig. 6.1 and 6.4) Ppax S48 be calculated from

N ]

= .g.“_};

18 holes/mB. Now let us assume that p >> a+.

which yields Ppax = 1.2 .10
In that case two possibilities can be distinguished: a = a* and a = a°.

If a = a’ the number of A levels would be smaller than IOIQ/m3 which

seems rather small. If a = a° this would mean that the number of free

holes could not increase appreciably with increasing temperature which

is in conflict with experimental evidence. Thus p must be smaller than

a" and the third digit in the code number must be 1. This reduces the number
of possible situations from 128 to 42. The slope of the log o - log J
characteristics provides the next possibility of reducing the number

of possibl: gituations. The value of %—%%g—% is 0.5. Only three

situations ° are now possible characterized by the code numbers 111111,
111211 and 111212, The expressions for p and n in these situations are

given in table 6.3,

Table 6.3. Eapressions for n and p for the cases indicated by
code nwrbers 111111, 111211 and 111212.
is the activation energy for p-type conductivity.

Eyer
EACT Codenusber n P %
zu 3 v2e h U, 4 Yy Eh
E, ~4E 111111 PR ¢ Y| ) (=)
A *TH Beh o8 ¢ a? aa g
§ U. 4 } h
et a U YU Yy (ER
§EA }11211 («gg%h?) (Oma} (aa) (E; }
g YUy yeh, §-4
iE, 111212 = (&Ei) (m’]a) U

The three expressions for p given in table 6.3 all satisfy the

experimental conditions. Only in the case of codenumber 111111 it is

*}According to the tables in Klasens origimal paper a fourth situation is
possible with code number 221112. However, his calculation in this case
is not correct. The calculations for the situations with code numbers

whose first three digits are 221 are partly wrong.
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necessary to assume that EH < 2 EA to explain the temperature behaviour.

And if we assume that a = h and NV = Nc the value of p/n is only higher

thfn 1 if y/a >> g/e or EH - EA

To make a further choice possible the low temperature behaviour will be

>> Q.

considered. At low temperatures the A centers will be filled with holes.
The temperature at which this occurs can be estimated from Randall and

Wilkins' rule of thumb for maxima in TSC curves:

E = 25 to 30 kT .
trap max

In figure 6.14 o/u, which is a measure for p, is given for J = 1000 ®/o0 as
a function of the reciprocal temperature yielding an activation energy
EACT 0of 0.115 eV. Now for code numbers 111211 and 111212 the energy EA

is twice the activation energy or EA = 0.23 eV. Thus the trap should

be filled at approximately 90-105 K which is in good agreement with

the experimental evidence. For code number 111111 the activation energy

T T T 1 T
16" -
-
£
=4
X
2 J21000%0
b
] el 4
1wF .
crystal GaS (Na)
YA | | | | |
105 4 5 3 7 8 9

— eiPTk™M

Fig. 6.14. o/uH as a function of the reciprocal temperature for crystal
GaS(Na) T70-3. The slope corresponds to an activation energy
of 0.115 eV.
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would be equal to EA -4 EH' Since EH and EA must satisfy the conditions
that EH < 2 EA and EH - EA >> 0 the activation energy corresponds to a
value considerably lower tham 4 E,- In this case the temperature at
which the trap would be filled should be considerably lower than 100 K-
which rules out the situation characterized by code number 3111111,

If the trap A becomes occupied with holes the code number changes since
this means that g = a+. The code number thus changes from 111211 in
211211 or from 111212 in 211212. In table 6.4 the expressions for p

and n are given in these cases.

Table 6.4. Eapressions for n and p for cases indicated by the code
nwmbers 211211 and 211212,

. Codenumber " P
Za U

211211 & na
U U

211212 Th :ﬂ—;

Since the low temperature photoconductivity is temperature independent,
proportional to the excitation rate and n—type, the code number must

be 211212.

The photoconductivity of crystal GaS(Na)T70-3 can now be explained as
follows. At low temperatures most of the holes are trapped in a level
lying 0.23 eV above the valence band. The conductivity is then
determined by temperature independentrecombination processes. At high
‘temperatures the hole trap can reach a quasi thermal equilibrium with the
valence band and the conduétion becomes p-type. The number of free

. U . . . YU L3
electrons can be written as n = EE"Whlle for high temperatures p =(§;§ ‘.
Some numerical values for various parameters will now be calculated.

Assuming that each photon generates one hole-electron pair the maximum
excitation rate U at mazimum light intensity J follows from
max max
max
U P
max d

in which d is the crystal thickness,

With Jmax = 3.5 . 1019 photons/mzs and d = 70 p we find

U =s5.1023 53 570
max

The hole concentration at 308 K and U = U was already calculated in

max 18 -3
the first part of this section and was found to be p = 1.2 . 10" n



The ratio y/a can be written as

-E

Y. A
o - N oexp ()
. _ 4026 =3 _ . .
With Nv = 10" m ~ and EAU— 0.23 eV we find from the expression for p at
high tewmperatures p = (——1-——-)i
orja
na = 6.]09 s—‘.
. 23 -3 5
Assuming a to be 3.10°" m ~ (1 : 107 levels/mol GaS) becomes
n= 2.10—l& m3/s.

If n is written as the product of the thermal velocity v for holes and

the capture cross section S¢ of the H center for holes

TI=VST.
this capture cross section becomes with v = 105 m/s
_ -19 2
ST" 2.10 m

17 19 2

which should be compared to values of 107 ' to 10 '~ m" used by Klasens.

For c¢h the relation

€h = %
is valid and at low temperatures we may assume that
O = ne i
yielding

Upge
5

cth =

At maximum light intensity and T = 40 K the values for 0 and Yy become
o= 9.]0‘89~]m_‘ and iy, = 1.8.10”2m2{Vs (see fig.6.1. and 6.4) so that
€h becomes

¢h = 1.6-10'0 &7}

It should be ‘noted that the values for £€h and na are consistent with the
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model. As can be seen from table 6.4 the ratio of free electrons and

free holes 1is

Inserting the values ‘for na and eh yields % = 5 yhich is in agreement with

the experiment since the crystal is n type.
6.5.2. Crystal Ga S(Na)T70~7

The interpretation of the photocoaductivity is the same for crystal GaS(Na)
T70~7 as for GaS(Na)T70~3. The higher conductivity in the n-type region

may be explained by assuming a lower concentration of recombination centers
h.

6.5.3. Crystal Ga Slo)T54~1

The main difference between the conductivity of crystal GaS{o)T54~1 and
the other two crystals is the difference in the value of g—%§§—§~wbich

is 0.33 for this crystal instead of 0.5 (see fig. 6.3).

Two situations with code nuwbers 113112 and 111112 are applicable.

The expressions for p and n are given in table 6.5.

In both situations the A-level is both a hole trap and the main recombi-
nation center. The number of free holes is somewhat smal} to accept
situation 113112, In this situation the number of free holes should be
large as compared to the number of trapped holes (see section 6.5.1.) More~
over, assuming the A-level to be the same as for crystal GaS(Na)T70-3, the
slope of the log 0 ~ 1/T characteristic should be steeper for the case
withcode number 111112, From fig.6.1! it can be seen that this indeed is the
case. The numerical data are not sufficient to calculate values for the

6 independent parameters in the expression for p (see table 6.5),

Table 6.5. Expressions for n and p for cases indicated by the code
numbers 111112 and 113112,

Eyop 8 the activation energy for p~type conductivity.
EACT Codenumber n P
2 1/3 2 1/3
%EA 111112 Q__;IJlJL,Q (__X__ELELqu
afeha o?8 1 a?
2. 2 13 1/3
-%EA 113112 (XU, (%nh—au—)
0252 a2h
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Assuming that at low temperatures the A-level will become filled with
holes the code number changes to 211112, The expressions for n and p in
this case are n = %5’ and p = Ehgg The conduction will become n type
if n/p>>1 or §%>>l. Bna

This is the same condition as in the case of crystal GaS(Na)T 70-3 at
low temperatures. For that crystal g% = 5. Now here the H level is not
the important recombination center anymore. This indicates that the
number of levels h must be smaller or the recombination parameter n
must be larger as compared to the crystal GaS(Na) T70-3.

In that case the value of g%~wou1d be congiderably higher than the
value found for crystal GaS(Na) T70-3. Thus the ratio n/p is probably
higher than 5 and n-type conductivity at low temperatures is satisfac-

torily explained.
6.8. The photo Hall-mobility

Kipperman and Vermij [9] found for the photo Hall-mobility of p-type
gallium sulphideyin the temperature range from 100 to 300 K
T . ~2.4
L Sl )

o T
[+]

with To = 300 K and ﬂo =7 to 12.!0_4 mz/Vs.In the experiments described

here the relation

H

is found (see fig. 6.4 and 6.6) with TO = 300 K and ho = 5 to 7']0~4m27Vs.
The lower value of the exponent may be caused by the mixed Hall effect

at temperatures around approximately 100 K which would lower the value

of Hy and thus decrease the slope of the log uH - log T characteristic.

The intensity dependence of the Hall-mobility as given in fig. 6.7 can

be understood on the basis of the proposed wodel. At 90 K electrons and
holes are equally present causing a mixed Hall-effect. At high light inten-
sities there are more electroms than holes, at low intensities the number
of holes becomes higher than the number of electrons. From the formula

for mixed Hall-effect

-nunz + pupz

u - P
u 4+
H iy pup

it can be seen that the mobility should become zero in the intermediate

range which is in agreement with the results presented in figure 6.7.
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In figure 6.15 and 6.16 the results of a calculation of My and 0 as a
function of the relative light intensity J are given., The values of the
‘various parameters have been chosen in such a way that the Hall-mobility
is zero at J = 280 ®/oo and 1.9 . 10—3 m2/Vs at J = 110 olou, and are
in accordance with values measured for crystal GaS(Na)T70-7 at 90 K.
Thé concentrations of free holes and free electrons aré assumed to be

proportional to J% and J respectively.
The following values of the parameters have been used:

- the Hall-mobility is 64.10~4 mZIVs for holes and !25.)0-4

m2/Vs for

electrons;
~ at maximum light intensity the concentration of free holes is
S.IOlAm-3 and the concentration of free electrons 2.5 . 1014m‘3.
The experimental points given in fig.6.15 and 6,16 are for crystal
Ga8(Na)T70-7 at 90 K (see also fig.6.2 and 6.7). From these figures it
can be seen that with the aforementioned assumptions the calculated

values are in reasonable agreement with the measured values.

NH(m’/ vs)

10

GaS {Na) T 70-7

——caleulated

« - measured 2

s n-type
-4 s p-type
390 - ~

~b 1
W g 30 100 1000

—— relative light intensity J{*/es)

Fig. 6.15 Caloulated and measured values for the Hall-mobility in
erystal GaS(Na)T70~7 as a function of the relative 1ight-
intensity J. The values of the parameters used in the
caleulation are given in the text,
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T
calculated crystal GaS (Na) T770-7
- e measured T =S0K

167 /
/
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— & relative light intensity J(°/o)

Plg. 6.16 Calculated and measured values for the conductivity of
erystal GaS(Na)T70-7 as a function of the relative light-—
intensity J. The values of the parameters used in the

calculation are given in the text.

6.7 Conclusion

The results of the photoconductivity measurements on some gallium sulphide
single crystals can be explained quantitatively with the Klasens-Duboc
model EI,ZV . A hole trap, lying 0.23 eVabove the valence band, is
responsible for the high temperature (100-300 K) photoconductivity.

This trap is probably the same as a trap found in TS( measurements with
Toax = 88 K.

Temperature dependent photo Hall-mobility measurements agree roughly
with values found by Kipperman and Vermij (L9 The difference may be due

to a mixed Hall-effect.
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CHAPTER 7

CONCLUSIONS

One of the goals set forward at the start of the work resulting in this

thesis was the preparation of ‘'pure” gallium sulphide and of doped gallium

sulphide single crystals. To a certain degree this goal has been reached.

The impurity content of bulk gallium sulphide prepared according to the

method described in chapter 2 is lower than that of commercially available

gallium sulphide, only the impurity magnesium forms an exception. A number

of elements have been incorporated in gallium sulphide single crystals

and two of these elements clearly influence the properties of these

crystals: cadmium gives rise to a trap center and copper to a recombination

center. On the other hand the main purpose of doping gallium sulphide was

to influence the photoconductivity behaviour as a function of light intensity

in such a way that a specific response could be obtained. This goal has not

been reached, which must be mainly attributed to the occurance of a hole trap.

The nature of this trap has not been clarified. Application of the Klasens—

Duboc model yields a value of 0.23 eV for the trap depth.

The spectrographic analysis of the batches, described in chapter 3, was found

very useful. The attribution of the 2.00 eV luminescence band to copper was

only possible because in a number of batches showing a characteristic red
luminescence copper impurities were spectrographically detected. Furthermore
the practically instantaneous availability of analysis results for the bulk
batches made it possible to prepare very pure gallium sulphide.

A secondary goal was the application of other methods capable of yielding

independent information on trapping- and recombination parameters in order

to find supporting evidence for the explanation of photoconductivity measure-

ments. Photoluminescence~, thermally stimulated luminescence— and thermally

stimulated current measurements were used for this purpose. In two cases some
evidence has been found:

1) a peak in the TSC spectrum lying at 88 K is probably caused by the hole
trap lying 0.23 eV above the valence band derived from the photoconductivity
experiments;

2) crystals taken directly from batch GaS(Na)T70 show strong photoluminescence
'with two characteristic bands and have a low photoconductivity at low
temperatures. Crystals from the same batch which underwent a heat treatment
have a low photoluminescence intensity with different bands and a high
photoconductivity at low temperatures (see fig.5.2, 5.4, 6.1 and 6.2). This
behaviour is in agreement with the explanation given for the photocondcuti-

vity measurements.
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Further research could be directed along several lines.

The clarification of nature of the 0.23 eV hole trap seems most important.

For this reason experiments with GaS single crystals prepared with excess
gallium or sulphur may prove useful. Another approach would be to assume

that either magnesium or silicon causes this trap since these are the only
impurities present in detectable quantities.

An interesting phenomenon is the 2.4 eV luminescence band in copper doped
crystals. The assumption that copper plays a role in the origin of this band
seems justified since it has only been found in crystals containing copper.

On the other hand sodium seems to enhance the intensity of this band so that
simultaneous doping with copper and sodium may be the best approach in an effort
to trace the origin of this band. The use of higher light intensities as for
example can be provided by an argon-ion laser may prove useful if more

research on the fine structure of the 2.4 eV luminescence band is to be carried
out.

A more extensive research program in which systematic doping with other elements
must play a mayor role seems necessary to reach the original goal of preparing

a gallium sulphide photoconducting device with well defined properties.
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Summary

In this thesis the results of photoconductivity-, photcluminescence and
pioto Hall-effect meagurements on doped gallium sulphide single crystals
are described. The measured dependence of the photoconductivity on
temperature and light. intensity is explained in terms of the Klasens-
Duboc model. At temperatures between 100 and 300 K the photoconductance
of most crysfals is determined by a hole trap lying 0.23 eV above the.
valence band. The origin of this trap has not been clarified.

Copper is shown to give rise to a recombination center resulting in a
red photoluminescence band centered at 2.00 eV. From thermally stimu~
lated current- and thermally stimulated luminescence meaurements it can
be concluded that cadmium gives rise to a trapping level lying

0.43 + 0.02 ev from one of the bands.

A detailed description is given of the preparation of pure gallium
sulphide. The preparation of doped gallium sulphide single crystals with
a zone melting method is also described. Results of spectrographical .

analysis are given.

Samenvatting

In dit proefschrift worden de resultaten beschreven van fotogeleidings-

en fotoluminescentiemetingen aan gedoseerd verontreinigde gallium sulphide
eenkristallen, De gevonden afhankelijkheid van het fotogeleidingsvermogen
van temperatuur en lichtintensiteit wordt verklaard met behulp van het
Klasens-Duboc model. Bij temperaturen liggend tussen 100 en 300 K wordt het
fotogeleidingsvermogen voornamelijk bepaald door een gatentrap die 0.23 eV
boven de valentieband ligt. Het is niet gelukt vast te stellen waardoor
deze trap wordt veroorzaakt. '
Koper blijkt een recombinatiecentrum te veroorzaken waardoor een rode
luminescentie~band ontstaat met een maximum bij 2.000 eV. Uit thermisch
gestimuleerde stroom- en luminescentiemetingen blijkt verder dat cadmium
een trap vercorzaakt, met een energieniveau in de verboden zdne dat
0.43 + 0.02 eV van de geleidings~ of valentieband afligt.

Een gedetailleerde beschrijving wordt gegeven van de methode volgens welke
zo zuiver mogelijk gallium sulfide gemaakt wordt, Verder wordt beschreven
hoe met behulp van een zfne smelt methode gedoseerd verontreinigde

gallium sulphide eenkristallen kunnen worden gemaakt. Resultaten van

spectrografische analyses worden gegeven.
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- Peter Kivits en dipl. ing. J.Pachaly voor de TSL metingen die in Berlijn in het
foad Physikalische Institut der Teclmische Universitidt Berlin door hun zaijn
gedaan; ‘
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Stellingen behorende bij het proefschrift van G.A. van der Leeden.

1) Zo er in de natuur regels bestaan die altijd en overal geldig zijn, is

het in ieder geval niet bekend welke regels dit zijn; in verband hiermee

2)

3)

4)

5)

6)

verdient het aanbeveling om in natuurkunde boeken het betrekkelijke

karakter van zogenaamde wetten aan te geven.

Het is wenselijk het aantal studenten dat zich kan inschrijven voor
de studierichting natuurkunde te beperken tot een zodanig aantal dat
in de maatschappelijke behoefte aan natuurkundigen, zoals deze kan
worden vastgesteld op basis van prognoses, wordt voorzien. Een derge-—
lijke maatregel heeft slechts zin indien gelijktijdig het aantal
studenten dat zich in kan schrijven voor andere studierichtingen
wordt beperkt

Ned.T. v. Natuurk.,39, 106 (1973)

Ned.T. v. Natuurk.,39, achterblad (1973).

Het verdient aanbeveling om het gebruik van de door de Consumentenbond

opgestelde “Consumentenvoorwaarden'" wettelijk verplicht te stellen bij

aankopen door of opdrachten van particulieren, indien de met dergelijke

aankopen of opdrachten gepaaid gaande kosten een bepaald bedrag te
boven gaan.

Consumentengids , 21, 187 (1973).

Het is mogelijk om de temperatuur, waarbij de door Bongaarts et al

gevonden verandering in de kristalstructuur van NiCl .2H20 plaats-

2
vindt, nauwkeuriger te bepalen uit het verloop van de optische ab-
sorptie met de temperatuur.

Bongaarts, A.L.M., Van Laar, B., Botterman,A.C.

and De Jonge, W.J.M.,Phys.Letters, 414, 411(1972).

Het verdient aambeveling om, zowel voor een studieprogramma in zijn
geheel als voor ieder onderdeel ervan, het formuleren van een doel~-

stelling verplicht te stellen.

Het is gewenst dat de mogelijkheid wordt geopend om in een proef-

schrift in plaats van de verplichte zes stellingen een hoofdstuk

op te nemen dat de resultaten bevat van een onderzoek over een maat-

schappelijk relevant onderwerp buiten het eigen vakgebied.
Academisch Statuut, art 222, lid 1.

26 juni 1973,



