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ABSTRACT |
Electrical chgra;terization of n-type GaAs single crystals ijh;
high impurity concentration was made and the experimental set-up
requi}ed is described. The electrical behavior of the inbestigated
samples is exp]aipéd by_a gwo-banq conduction, the gécond being
the impurity band where meta]]ic;]ike qonductivity'wés observed

well as the compensatioh ratio are deduced

at very low temperatures. The total impurit cbncentrationa as
gjrom d&he value of the . -

mobility due to ionized-impurity scattering. Also, the ionizatien

energy of the donor impurities is estimated from the temperature

dependence of the conductivity at low temperatureéf
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Nous avons mesuré les caractéristiques électriques de monocristaux

de GaAs, de type n avec une forte“conceﬁtration d'impurdtés. Nous

A

X u 3 v . 'i
donnons une description de 1'appareillage nécessaire aux mesures.

Le comportement électrique des §chantiT1ons mesurés est analysé a

[3

1raide d' un'modalé” & deux bandes, la seconde étant une Eande d'im-"
puretés oll on observe, a trés basse température, une conductivité
de type mé£a1lique. La concentration totale en impuretés gins% que
1ehrapp®rt'de°conceﬂ%$ation sont déduits de la valeur.de la ﬁobi]ité,

- R o e e .
qui.est due a la diffusion par impuretés 1on1séés. De plus, 1'énergie

d'ionisation des donneurs est estimée a partir de la dependance .en

température de la conductivité dans la région des:basses températures.
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CHAPTER 1 So_ — -~ "
o \ f-

INTRODUCTION .

i

A ngé range of contemporary technology, the technology of electronics,

«

is based on materials which are neither metals-nor insulators. Such mat-

erials are called semiconductors and their electrical properties are inter-

mediate between those of meta%s and insulators. This is because of the

peculiar energy-band structure of the semiconductors as we will see in

C%apter 1. S - | e
One of the semiconductors, with increasing importance in the last.

dec@de,~is GaAs; some aéb]ications of which are Gunn diodes, FET's, LED's \

and Lasers. Currently, some research is directed towards gigh-éfficiency

:GaAs solar cells. So, many studies have been made on this material in the

last 15 years concerning either the.growth technique or its phyﬁica]

(1) | o

properties® .

The presgnt work is the electrical characterization of n-type GaAs

single crystals, grown by Organometallic-Vapor Phase Epitaxy (OM-YPE).

f
This is made by Hall-effect measurements for temperatures ranging fron;S °K
té room temperature. Tpg mobility, resistivity, carrier concentration are
found, as well as their temperature dependence. From mobility and

carrier concentration, the total impuyity concentration is estimated. The
results are interpreted in terms of the existing theory concerning moder-

ate doped semiconductors, suitably-adjusted for our two-band model. ‘

In Chapter 11, elements of the physics of semiconductors are reviewed,-

In the last part of'this chapter, a brief discussion is made about the

crystal growth by the Organometallic-Vapor Phase Epitactic (OM-VPE) ; S



technique.

»

" Chapter IIT is deyoted to a description of the growth technique, the

experimental apparatus used for the Hall measurements and the experimental

+

process.
‘In Chapter IV, the various parameters are listed and a discussion, as
well as the above-mentioned interpretation of the experimental results are:

/
made.

L4

Finally, any tonclusions of the present work are discussed in Chapter V.
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CHAPTER 11

K

ELEMENTS OF SEMICONDUCTOR PHYSICS |

&

2.1. Energy bands and inpurity energy levels.

It is knowﬁ by X-ray and other studies that most metals and semicon-
"ductors are crystalline in structﬁre. A crystal consists of a space array
of atomsw or ions built up by regular repetition in three dimensions of some
fundamental structural unit. It is known also, that for a free isolated
g'tom the e]ectron; are bound to th;ir puc]eus only and, hence,;.é they occupy
definite states §eparated by discrete quanta of energy. Yet, the same is
not true for a crysta]o. This is so, because the potential characterizing
the crystalline structure isrnow a ﬁeriodic function in space, the value
of which at any point is the result of contributions, from every atom. When
. the atoms come close to each other to form the crystal, then, while the
energy levels of the inner-shell electrons are not affected appreciafly,

a

the levels of the outer-shéﬂ electrons are changed considerably, since

thege electrons now are shared by more than one at(;m in the crystal. It
is found by means of quantum mechanics that coupling between the outer-

shell electrons of t‘he aton{s results in groups of c]o;e1\y spaced energy

states. Each group of them{ forms a band of continuous levels.

In some materials these bands overlap each other, therefore all
values of energy are allowable for the electrons. These materials are
metals. If for a pure material, on the other hand, ther\\e is a large
energy gap (" forbidden bgnd") between the highest occupiéd electronic

state at T = 0 and the lowest unoccupied one, then this material is an

insulator. The energy gap of an /insu1ator is of order 5-10 eV.

4
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1

. When this energy gap is about 1 or 2 eV, then the material is a
- \ semiconductor. In this case, the highest occupied band at T = 0 is called
valence band, which is completely full, and thus conduction is not possible,
while the lower upoccupied band is called condyction band. Conduction is
~ made by QCinating electrons from the valengeﬁfo tﬁe conduction band.
%hq most common semiconductors-are elements from the group IV of the
Periodic Tabie, mainly Si and Ge, III-V compounds, such as GaAs, InP, InSb
. etc; and I[-VI compounds such as ZnSe, ZnTe, CdS etc.
The above distingtion between a semiconductor and an insulator is
; pure1y~quantitave and, to a large extent, conventional. So, at temperature
" of 0 °K, even this forbidden band of ~ 1 eV is too large %or an electron to
"Jump" from the va[énce to the conduction band, and thus this material be-
;have; like an insulator at that temperature. @
“ v As we increase the electron energy by a variety of methods (tempera-
ture increase,irradiation, illumination), then some electrons-"jump" from
| | the valence to the conductign band, Teaving behind positive holes. In such.
'qase, the resultant conduct?&ity is known as intrinsic conductivity and

£he material as an intrinsic semiconductor.

: The motion of these particles (electrons or holes) inside tie crystal,

2

is viewed by quantum mechanics as the motion of a free particle having

) mass

2
- ' - “‘*=—zj'—z‘ |
’ d"E/dk ,

v

where E is the'energy of the partic]eQand'ﬁk'its momentum. This mass m*

is called effective mass of the particle.
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Also, the conductivity can be altered by 1ntroducié§ certain impurity
atoms in the semiconductor; when a foreign atom with one electron more in
the outer shell than the atom which it replaces in the host crystal, (e.g.
Si replacing éa jn GaAs), is introduced, Ehen this electrop is under the
influence of the e]ecirostatic force with the ppsitive nucleus of the
impurity atom reduced however by the dielectric constant x of the medium.\‘
Moreover its mass is considered to be not its free mass, but the effect-

ive mass m*. Using é\hydrogenic model the binding energy of the 1s grohnd

state is given by
/l‘ o

x 4 N

_me
E]s = Egﬁ—ﬁ-m 5.§ meV for GaAs
X @

¢

Here we take m* = 0.07m and x = 13 for GaAs. This energy is considerably

1

Tower than the energy gap (EG 1.43 eV for GaAs at 300 °K), and thus the
introduction of these impurities results in allowable energy states within
the forbidden band and close to the conduction band. These impurities are
caﬁ]ed donors. ~
On the 6ther hand, jf the impurity atom has one electron less than the
replaced one, (e.g. C replacing As in GaAs), then its introduction to the
crystal result in allowable states near the valence band, and hence elec-

~

trons may easily be exc¢ited from the valence band to this state leaving

behind holes. Generally, this energy is higher than the previous since .

. the hole effective mass is larger than the electron effective mass. The

impurities which supply the semiconductor with holes are called acceptors.
The most common dopants for GaAs are elements from the VI group of
the Periodic Table (e.g. Se, Te etc.) which act as doﬁorsureﬁlaciné As

. ¥
) ~

o
-

——
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and those from the II group (Zn, Cd\etq)'form'acceptors when they replace

Ga. Impurities from the IV group act either as donors or as acceptors

dgpggiing on which matrix atom they replace. A complete table of the
(2)

variolis impurities and their ionization energy for GaAs is given by Sze
The different valiles of the ionization:energy for each impurity are due to
the deviation of the impurity atom from the hydrogen model we considered
before. '

3

2.2. Carrier concentration - Mott transition

‘As we have already said .the conducgivity of a semiconductor depends on
the total number of electrons (holes), which exist in the conduction
(valence) band. This free carrier concentrgtion is governed by\some stat-~
istical Taws. ' ' o

A key for studying the carrier concentration is the’Fenni eneréy F.

We can define it as the energy level with half probability to be occupied
and half to be unoccupied. The position of thisq1eve1 depends on the dop-
ing and temperature. If we denote E. the bottom of the conduction béna,

then the probability to be occupied is according to Fermi-Dirac distribu-

tion function

F(ET) = —5—¢ (2.1)

C
L exp(—=—) + 1
\( v kT

where k is the Boltzmann constant.
For a slightly daped semiconductor where the Ferimi Tlevel is consider-

ably lower than Ec, yet considerably higher than the top Evof thes

valence band (non-degenerate case), eq. (2.1) reduces to the classical



Maxwell-Boltzmann distribution function:
. %

. F(EoT) e exp(-—S) C (2.2)
kT )

Q
e

If we restrict ourselves to spherical constant-energy surfaces with

Em%ﬁ at the centre of the Brillouin Zone, we have for the electfon concen-
tration 5
E_-F . )
N n = Néexp(-————) (2.3),
kT

-

where N; is the effective density of states in the conduttion band and it

is defined as

*
2mm_kT '
- e 13/2
N..= 2(——;§——) . (2.4)
' ¢
For hole concentration we have
. F-Ey ‘ > :
p =Ny exp(-—) (2.5)
kT
where * , '
v he

is the effective density of states in the va1ence'band.
w L

* )
In the above formulas My and m, are the effective masses for the elec-

“tron and hole respectively.

We see from eq. (2.3) and (2.5) that the product

#
1]



° .
r <
—_— .

: EG (
. np = Nch exp(-ET) | 52.6)

whererEG = EC-Ev is the energy gap, is ianpendent o% the Fénni level and

_ hence of the doping.
9

For an intrinsic‘semiconductor, N ~¢
Eq
n=p=ng 2NN explagpr) (2.7)

and the Fermi level is at the middle of the energy gap at T = 0. From
s+

eq. (2.6) the concentration of one type of carrier can be found if the
céncentration of the other type is known.

Let us consider now a femicondyctor doped with two types of impurities
(pa;t1y compensated). Let us assume, also, for the rest of this paragraph
that ND>NA>>n where ND’NA are the concentrations of donors and a;ceptors
respectively  (n-type semiconductor).

kn electron now occupying a donor level has a wave.funétj;n localized
about the impurify state and an energy slightly below the conduction band
minimum as we have seen in paragraph 2:1. By the "localized" level we
mean* that each characteristic so]utioﬁ of the Schrgdinger equation for an
electron in this fie]é decays expohentia]]y to zero at some distance from a
point in space. N

If we startlfrom sufficiently high temperature, the intrinsic concent-
ration dbmihatés, i.e, "i>>ND'NA and then n ~ p and this is given by eq.
{2.7). As the semiconductor is cooled, ns> 0 and at certain temperature
there is no case of electron excitation from the valence to the conduction

band. Regarding the electrons of the'donors, some of them will fill the

acceptor states and the remainder (ND—NA) will "jump" to the conductign

'



band, assuming that there is enough energy for this. Thus, the e]eﬁt%on
concentration will be constant for a certain temperature range (exhaustion

range) and this is:

° AN

n = ND - NA . (2.8)

\

As the temperature is lowered, some of these electrons will fall back

to the donor states and the carrier concentration is given by

nin + N,) N AE
__..___A___._ = |__c. exp(_.___D...) . }.
Ny =Ny -n 2 kT (2.9)

v

where AED = Ec - ED is the jonization energy of the donors.

‘For very low temperatures, where the carriers "freeze", this is given

{
\

by
. ~
No-N, N AE :
] n :..Q____A_._E.exp(_-———D—) : (2.]0)
Na 2 kT .

A plot of the .Fermi level and electron concentration against temperature
for the GaAs is given by Nag(3). 1

Let us See now what happens as the impurity concentration increases.
In’this case the impurity donors come closer, so there is a small, but
finite, overlap between the wave function of_e]ectrons of neighbouring
donors. In this case, although at very low temperatures there are no
e]éctrons in the conduction band, a conduction process is still possible’
under certain circumstances in which the eiectron‘moves between centres by
a tunnel effect wjthout'activation into the 'conduction band. This is

called impurity conduc;ion(4). . ) -

v
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Al

~ .

\\The above mentioned circumstances is due to the presence of compensa-
tion. In this‘case: since NA electrons haye fallen down to‘Fhe acceptor ‘
states, it is possible for one electron %o move from an occupied donog
Tevel to anlunoccupied one. This process is caf]ed impurity éonduction by
hopping process(4) and the jnteraétion with phonons is, essential for this.

N

If there is no compensation, impurity conduction is not possible, unless the-
\ - N

overlap between the centres is very large, which means a high enough ’
impurity concentration where“the electrons behave 1ike a degenerate electron
gas as we will see below. -

As the impurity concentration increases, the overlap be?ween the wave
fuﬁctions of the impurity centres become larger and the 1mpurity Tevels
form a band*, whére the electrons can "jump" and move freely with less
energy than the doﬁbr ionization energy AED or even with no énergy at all.
+(fig. 1.2). In the latter case, electrons can move frée]y, even in~the

Timit T'»> 0, and a semiconductor can be regarded as a metal because it has

a finite conductivity. )

\
z

The transition from an insulator to a metal is attributed by Mott to a

sharp increase in the number of free electrons to the value Moy governed

h (5)
by a numerical criterion ) . -
V3 . | , ‘
ey aQ =0.25. . (2.11)
where
w
a, ;'h2x/m*e?

* The term "band" is used somehow incorrectly, since a band is connected

with periodic structures. ‘Anyhow, this térm will be used with the above
reservation, . ’

L}



4

Fig. 1 ° Formation of the impurity band .

o (E) is the density of states

1
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Mott derived this criterion assuming the following. If there aré no
free electrons, then a delocalized electron ané the remaining positive hole
attract each other with a force behaving at large distances rﬂlike —ezlxr2
With a‘Coulomb force of this kind the electron and the hole always form a
bound pair in {he Towest energy state and, therefore, they are not able to
carry a current at T =0 J , @

On the other hand,Lif the number of free e]eéfrons is sufficiently high,

the Coulomb field can be replaced by the screened one

-

-

2
o & exp(-
- 7 exp(-ar) :

LY
"

where q is a screening constant and this is so large that there are no

bound states. According to Thomas-Fermi mode]'xbis is given by .

2 _ 4m’"ePn1/3

q —— e

2 ;
‘h X ¢

According to Mott, there are no bound states if qa, > 1. From this
limit, (2.11) is derived.

Mott assumed that the metal-non metal transition should be abrupt
because a small number of free carriers never exists, since electrons and .
holes form pairs always with energy of order m*e¢/2h2x2 (6). The screeniﬁg
mechanism is effective when the concentration reaches the critical value
and this occurs suddenly. 4
| The Mott's conclusions differ from the band theory Qgcause(fhis theofy

does not allow for Coulomb interactions between carriers.These interactions

are considerea by Mott as an attraction between an electron and a localized

-
&t
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hole. ) .

9

An allowance for the carrier ‘interaction between carriers was first

made by Hubbard(7). » He considered the repulsion between electrons located
F

at the same center.

9

The first part H] describes the motion of an electron between neighbouring
Fi

atoms, without allowance for carrier-carrier Coulomb jnteraction. The

Hubbard considered a Hamiltonian consisting %f two parts, H =,H] + H

value,of H] is proportional to the eriergy-band width E . The second part
H2 allows for the,repyigﬁéﬁ\?etween electrons locatedin the same center

and then the eneréysaf the s%stem increases by the repulsion energy U,
S0 H2 is proportional to U. Ny »

If an e]ectron‘is ]ocq]izedf its‘kinetic energy increases by-an energy
of the order of £ . ﬁﬁe latter\¥§\depggdent on the interatomic distance,

increasing as the étoms come closer. On fhe«aﬁher hand, this Tlocalization

decreases the potential energy of the giectron by~ the energy U, which is
\\

independent of the diS;ance between tpe atoms. *\

-
IfU >Ei , the electron states are localized anq the crystal is an

insulator. If'UQgEi , the material is a metal. The critical value
£/ U =1.15 of this model is close to the Mott criterion, eq. (2.11). ~
The metat-insulator transition, according to Hubbard, can be regarded as

the filling of the energy gap between two subbands, one of which is filled

and the other empty. The gap between these two subbands decreases as the

N s

interatomic distance is reduced.
For even higher impurity concentration, the inpurity band widens
greatly. At the same time, ! the high concentration of jonized donors pre-

vides 'an attractive potential which lowers the edge'of the conduction band.



- '

In this case an overlap between this impurity band and the conduction

band occurs, becoming greater-as the impurity concentration increases -

>

(fig. 1.b).

Reviewing eq. (2:11), Fritzsche(g) suggests that instead of using the

free carrier concehtration, one should consider tﬁe total donor concent-
ration ND;‘mbreover, this critical value of ND for the metal-insulator
transition depends on the compensation, increasing as the latter increases.

In the case of impurity conduction, the conductivity in this model

.(9)

is approximated by a sum of three exponential terms

g = C] exp(—s]/kT) + C2 exp(—ez/kT) + C3 exp(-aB/kT) r (2.12)
A 8
where the Ci's may be temperature-dependent. It is assumed that

> € The first exponential term represents the conduction-band

E-l 2 > 63.
conductivity,'so €y = AED. The activation energy €9 is the energy requir-
ed at low temperatures for "intermediate" impurity concentration. A band
is formed then by the first excited states(g), separated from other bands,
and electron activation into this band gives rise to this term. The
mobility is smaller in this band than that of the conduction band but
larger than the mobility of the electrons in ground states. The energy
€9 decreases as the impurity concentration increases and vanishes when the
range of ground-state levels merges with the range of the excited states
and, hence, the semiconduétor has ametallic behaviour.

In addition to the excited states, Fritzsche considers the Upper

. . N

Hubbard D~ states corresponding to donors, which are negatively charged

by binding an extra electron{9) These D™ states may be Towered due to the
: /

.
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¢

interaction and become important for the conduction in a limited concentra-

tion range befdre they merge with the ground gtates, the Lower Hubbard D°

v @
states, where the metal-insulator occurs.

, The ‘activation energy e, is the energy required for the electron

motion from one neutral centre to anbther. As it has already been said,

this process can only occur if compensation is present and this is usually
a hopping p}ocess. Twoltypes of conduction are considered here. In the

first, for low compensation, an electron moves from one atom to another of
AN

which the energy difference is very small. In the sécond case, high comp-

ensation causes a strongly fluctuating potential in ‘the crystal 1attice(]0),

and the energy difference of neighbouring atoms is considerably larger than

that of the former case. .
The values of e],‘ez and e., decreases as the impurity co?centratiqn
increases, i.e. when the interatomic distance décrea§es. As regard the
compensation, the values of c],and €5 increase with it, while the ¢ _passes,
through a minimum and then as the compensation continues to increagﬁ, the

(11) J

€3 increases also .

2.3. Electrical transport phenomena

A. Conductivity - Mobi1}ty

We saw in the preceding paragraph that the carrier distribution of a
semiconductor in thermodynamic equilibrium is given by the classical
Maxwel1-Bol tzmann distribution function for ﬁon—degenergte semiconductors,
eq. (2.2), or, more generally, by the Fgrmi-birac distribution %unction,
ceq. (2.1). ‘

The distribution function is a]tered when external forces act on the

A}

i
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carriers. In principle, the electronic properties of a conductor are

completely specified once this function f(f} ?} t) is known, For example,

the current dénéity is given by(12)
. 3(ry t) = B3 v f(k, ¥, t)dk (2.13)
g

s

According to Liouville's theorem, electrons which at time t are in
> > -+
drdk centered about F; k, will at time t + dt be located in an egual
volume centered about :'+ th, E-+ Eat. This difference is due to scatter-

ing. Hence, the Botzmann equation(]z) .

~

oo
rf'l—h
]
¥
~y
<¥

—-h

i
<¢
<4
"
o+

l

where the last term inhdicates the rate of change due to the collision

process.

For steady state condition, and under the influence of time-independ-

ent forces, then 3f/3t = 0, and this equation becomes

v ) - (2.14)

> >
f+vv = (3,

k r

>
k-

|
+i—h

Thé application of a weak electric field E causes a cdrrent density,

which is given by inserting the solution of eq. (2.14) into eq. (2.13)

.and in the relaxation-time approximation

R 3
J=" s E (2.15)

o - -
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where t is a.measure of the rate at which the distribution function relaxes

to its normal form. This is called the relaxation time constant for the

(12)

distribution function and it js defined as

afy o
at’o r

From the'eq. (2.15), the conductivity Jis obtained:

~

2
or " (2.16)
o = nleju
where, by definition h
w = lelee - (2.17)
m
u is known as mobility. Its usual unit is en?V Tsec™!

For two types of carriers the 2nd relation of (2.16) takes the form

o= nlelu, + plely, (2.78)
> .

Becayse the carrier concentration in a semiconductor is geﬁera]]y a
sensitive function of temperature and puritj, it is preferable to work with
the mobility 'y, instead of the conductivity. Then o will be given by the .

¥secdnd of eq. (2.16) or (2.18). . . .

As relation (2.17) shows, the mobility depends on the relaxation time.

The latter is a fundamental parameter in transport phenomena and is a

S I
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functioﬁ only of the energy E of the carriers. Expressiong for + have
been derived for vdrious scattering mechanisms. In the %o]]owing we '
discuss the major scat&ering mechanisms.

B. Scattering mechanisms

In an ideal crystal the application of an external field would uniform-
ly accelerate the electron, causing\a Tinear increase of its drift velocity
with time in the direction of the-field. But it is known that such a
Tinear increase in drift velocity with time does not occur in real crystals.
The average electron drift velocity reaches a 1imiting va]ue,owhicﬁ at iow
fields is proportional to the magnitude of the field, eq. (2.15). This |
Timit is due to interaction of the electron with crysta]himperfect{ons
through §cattering pt?ceéses.

These imperfections may be lattice vibrations, ﬁefecté (crystal de-
fects, impurities, etc) and carrier-carrier interact}ons. In the first
case, where the lattice Qibrations aréHCOnsidered, the e}ectfons may coll-
. ide with acoustical and optical phonons, hence we have the acoustic and
optic.scatter'ing mechanisms.

Tﬁese are subdivided further in accordance with the nature of pertur-
bing potentié1s produced by the vibrations. Acoustic phonons produce the
géfturbing potential in two ways. First, due to the changing in the
gpacing of the lattice atoms, the eng;gy band gap, as well as the p9§it10n
of the valénce and conductign band edges vary from point to point and due
to these potential discontinuities, a potential is produced, which is.

called deformation potential. Its magnitude is evidently proportional to

the produced strain. ) .
T P "



‘The second kind of perturbation is produced by agpustic vibration
through piezoelectric effect. In crystal having no inversion symmetry,
the displacements of the atoms due t; the acoustic vibrations produce an
electric field. This efféct is important in .all compound semiconductors.
It is, however, more important in the wurtzite materials (CdS, Zn0) than in
the sphalerite ones (InSb, GaAs) because of the Tower symmetry of the former.

‘The optic vibration also produce perturbing potential in two ways.
The first kind, the nonpo]ar optic scattering is insignificant in most
semiconductors. Tﬁe second kind is more important. Due to its signific-
ance in GaAs it willdhe discussed later.

The second case includes imperfections in the periodic potential in
a crystal, which are produced, mainly, during the crystal growth. In
pfoper1y grown crystals, the effects of the dislocations are nég]igib]e
compared to those of other imperfections. Here, we Shal] exclude the
collisions ?t dis]ocationsﬁ but the effect of the impurities will be
considered. 4

‘As meﬁtioned earlier (paragraph 2.1), the impurity atoms proV@&e
energy levels in the forbidden gap, which are occupied by electrons (for
donor atoms) and by holes, i.e. are empty, (for acceptor atoms) at very
low temperatures. Thus, the c911ision process is dominated at these temp-
eratures by 0611isions with the neutral impurify atoms. As the temperature
inErea;es, these impurity atoms Qécome ionized, and the co}1ision prbces;
is then dominated by phe collision of electrons with these ionized atoms.

Below, we discuss the effect on mobility due to the polar optical scatt-

ering and to the ionized impurities.

T~
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i) Folar optical scattering
This écatteriqg occurs mainly in compound semiconductors.
In this case, polarization is produced by the optic vibrqtion due to the
N ionic“charges associated with the atoms forming the compound. The dis- *
placement of the neighbouring atoms with the opposite ionic charges results
in dipole moments and the associated potential scatters the e]ect;ons.'
Due to the fact that this scattering mechanism is inelastic, a relaxa-
tion time, strictly speaking, cannot bg defined, so the temperature dep-
endenceﬂof mobi1i;;*is found by variational techniques. - <

Petritz and Scanlon using perturbation theory(g3) found for polar

optical scattering ‘ o
LB Moy m M2 x(z) (1) (2.19)
PO 1/2 * 1/2
3me (2mmko) XX, ™ z

El

where © is the Debye temperature, x and Xo are the static and optical di-

electric constants respectively, z = /T and

for z << 1

It
—

x{z)

-

' | x(z) = %(nz)]/z _forz >> 1
The polar optical scattering is an-important scattering mechanism for GaAs

in temperature higher than m_]00‘°K.

T e
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ii) Scattering by ionized impurity atoms.

A quantum-mechanical treatment of electronic scattering by ionized
(14) '

\

impurity atoms has been developed by Brooks and a revision in this

approach has been made by Falicov and Cuevas(]5).

*

In his approach, Brooks assumes the scattering process to be
perfectly e]astié. He assumed that free carriers could collect around a
charged éenfre and screen partly the potential. The theory, originally,
Was déve]oped for only one kind of impurity (donors) and extended to include

both majority (donors) and minority (acceptors) impurities.. o

¥

Brooks found that, in non-degenerate case, the screening radius -should

be

L , (2.20)
4wen - :

® ?

where x is the dielectric constant of the- crystal and

n+ NA

0t (n o+ (1 - —R)

=
]

8
Np

- o
- »

NA denotes acceptor concentration and ND donor concentration. n is the free,

electron concentration. If the ionized impurities are randomly arranged.in

‘ the Tatticé, they &tatter independently, and the total scattering is brop—

ortional to the number of impurities. In thig case, he found for a spher-

ical energy surface

: me N b ]
1. [in(1+0) - 73] (2.21),

T ~~
21/2X2m*1/2E3/2
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where NI'is the total ionized impurity concentration and
*
b = gHLXBI_ E : (2_22)

re“hln”

The mobility is obtained by substituting eq. (2.21) info eq. (2.17). )

Since the term in the brackets varies slowly with the carrier energy,

~

a fairly reliable analytic expression for Ny is obtained, taking E in.(2.22)

equal to 3kT. Then, according to Brooks ‘ .
N 27/2w_3/2x3§"3m*"]/2(kT)B/?

UI(B_H) = ' (2.23)

N;L(2n(146)-b(1+b) "] |
o b

To linearize the Poisson's equation Brooks made an approximation which

ds valid if the electric potential resulting from the jonized impuritﬁes is

.

small.compared with the thermal energy(]4’]5). Thisicon ition is satisfied

in two cases:- at high enough temﬁeratures for any kind/of ihpurity cont-

1

ent;- at all temperatures for semiconductors doped with only one kind of

impurities.

Falicov and Cuevas proposed a modification of the Brooks—Herring’

. formula, eq. (2.23), in the case, for low temperatures and highly compensa-
- . . 9 .
" ted materia]s(ls). They assumed pair-correlation function between the

acceptors and the‘donors.ahﬁ they obtained a temperature-independent

screening radius

r = ———  (2.24)"
?w]/s(ND—NA)]/3 \

4

i




\_‘

' 23
Finally, they found for the mobility
7/2 -3/2 2 -3 -1/2 3/2
I(F-c) ] .
N [an(T4n) 4 (140) 7]
, 4 &
~ »
where
N 6( kT )m*
n = . . (2.26)
w2/3’ﬁz(ND—NA)2/3 | |

The eq. (2.25) differs from the Brooks-Herring formula, eq. (2.23)

in their denominator and in the fact that thie inverse screening radius
r;1 of eq. (2.20) whicthgzerges as T approaches zero, is replaced by that

of eq. (2.24) which is ing pendent of temperature.
Above, we discussed the equation Whigh gives the mobility when the

ionized impurify scattering is domjnanf: The importance of this kind of

_ scattering process increases as the temperature of the crystal is increased

from very low values. However, as the charge impurity atoms cannot scatter
high energy electrons, the effect of ionized impurity atoms decrease again

as the temperature is increased to higher values.

C. Combination of ﬁobi1jties

We discussed above briefly the different scattering mechanisms and we
saw thelteg;erature dependence of two of them. Actha]iy in the experiment-
al observations there are deyigtions from the theoreticq}1y expected

behaviour. This is because in most semiconductors the constant-energy

surfaces are not spherical as we assumed, andof.the «fact that in all.te
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‘ (2.27)
- Teff

Here, it is assumed that each scattering mechanism acts independently of the

other. Now, this t eff is 1nserted into eq. (2.17) to calculate.the mobility.

a-

From eq. (2.27) we notice that the effective relaxation time is determined

13

by the partial relaxation time which is the smallest under’the specific’

circumstances.

AN

The above calculation often demands gumerical methods; an approxi-
‘mate method to calculate the effective mobility is given by the

Matthiessen's rule

1., 1
v ? w . | (?.28)

~

fhe 1at§tr approximatign leads to a small error when two scattering mech-

anisms are operative, but to a larger one for more scattering mechanisms

operative simultaneously, ]
& ' w ‘

-

2.4. Measurements of transport properties-

Flectrical conductivity and Hall effect measurements provide the most
useful information about the electrical transport properties of semi-
conductors. To take these measurements it is assumed that the crystal is

in isothermic condition and that the electri¢al conduction is isotropic.



25

A. E]ectﬁjca] resistivity \ »
For small electric fields, when Ohm's law is valid the resistivity

\of a samp]e is given by: ‘ N
v b . . N o
v
p=XLW (2.29)
I 2

where Vx is the voltage across the sample contacts a distance & apart,
I the current passing through the sample, t and w the thickness and the
width of the sample respectively.

The electrical conductivity can then be found by
-1 '
o 5 (2.30)

Usual unit for the resistivity of a semiconductor is the @ - cm

«

B : - -
(ohm. centimettr) and for the conductivity theinverse, 1.e. o™l em T

/
A2

AN

B. The Hall effect
If a sample carrying a current I is placed in a transverse mégnetic
field B, an electric field E, is ‘induced in the direction perpendicular to

both Iand B. This phenomenon, known as the Hall effect, is used to‘deter-

mine whether a semiconduizgr is n- or p- type and to find the carrier

concentrafion. Also, by simultaneous measurement of the ‘conductivity o,

the mob%lity p can Be calculated.
~ A parameter, the Hall coefficient'RH is defined as

o=t
Ry =8

~

(2.31)



w0,

where J is the current density. ,
In the following we assume that carriers of one-type are present
(e.g. electrons) and that a Tow magnetic field is applied such as uB << 1.

In this case, the Hall coefficient is equal to

r .
R, = — 5 = ‘ (2.32)
ne <t> ne =

where the factor ry is called Hall factor. We see from eq. (2.32) that the
Hall coefficient is inversely proportional to carrier concentration and that

its sign coincides gith the sign of. the carriers. The value or y is a

function of the energy dependence of 1, i.e. depends on the scattering
(16)

mechanism. Thus, its value is

a

= 3 . 1.18 for lattice scattering
8 - (2.33) °
_ 3157 _ e .
ry == 1.93 for ionized-impurity scattering “
512

For strong degeneracy, as well as for strong magnetic field T 1.
Ectually, the value of Ty may be anywhere betwegp 1 and 2 depending on
the predomihahqe of thervarious scattering mechanismé, aS)ﬁﬁﬁ as on the

shapé of the bands.

Taking tﬁe product Ry-o, we obtain from (2.16) and (2.;2) e
. \
’ ... € <T2> _ ~ ) ;
RH ‘c = r-n-g o = TyE T ey | (2.34)

\

where p is the electron drift mobility and pH'is known as the Hall mobility.

i
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The Tatter is proportiona], but not equal, to u. The ratio of Hall to
drift mobﬁ]ity is given by the value of the Hall factor "y
In terms of measured quantities, the Hall coefficient and mobility take

the forms

vH’t, 4 N
Ry = ~ (2.35)
IB '
Lo (2.36)
H- V., wB , i

The usual units of'RH are 6m3/Cb and of the Hall mobility are the same

as of the drift (i.e. cmZ/V-sec).

-

é.5 Crystal growth by Organometalic-Vapor Phase Epitax§.(0M—VPE)

Due to the increasiné use of the III-V and II-VI compounds in many
fields of electronics, many studies have been made for the gréwth of these
crystals. Many reports, for example, have been\pub1ished on liquid phase
epitaxy (LPE), mo]ecufar beam epitaxy (MBE) and vapor phase epitaxy (VPE).
) " In the last decade, many effortsﬁ%ave been made to use metalorganics
in preparation of the III-V, and II—GI compounds. The first succesifu1'and
advantageous growth by this technique was reported by Manasevit(17).

He used triethylgallium (TEG) or trimethy1ga11ium (T™MG) and group V.
hydrides in producing GaAs, GaP, GaAs]_xPx.andﬁaﬁlaAs]_bex on semiconductors
‘and insulators such as sapphire‘(A2203), spinel (m@AzZOQ) and bery]]iéi
(Be0).

Since then, many reports have been published on this new technique,

devé]oping(it to include more applications,such as homoepitaxial growth



of GaAs(]8) and the formation of III-V aluminuf compounds and of the 1I-VI
compounds . '\

The chemical formulae, which describe the OM-VPE reactions, are the=

f611owing

2Ga (CH

3)3+3H2+ 2(;a+G(:H4
‘ (m
2(;a+2AsH3~>2(;aAs+3H2 ‘
In (CHy), +H, > In + 2 CH,
(2)

In + HZSe > InSe + H2~
Evidently, the group (1) describe ‘the formafion of 111-V compounds, while
these of group (2) deséribe the formétion of II-VI compounds.

The groch rate depends on the growth temperature, on the substrate
and on metalorganic concentrdtion. ’Manasevit and Simpson found that at any
one temperature the growth rate of (111) GaAs on Az 503 is essentially
Tinear with TMG Concentratﬂon when it is decomposed in an atmosphere cont-
a1n1ng As and at least a 10-fold excess of AsH3 over TMG in the gas
stream entering the reactor: ]7) '

Many researchers have ghown that the eiectrica] characteristics of
Qomina]1y undoped materials depend on the hydride/organometa]ic f]ow-fate
ratio., So for GaAs, a flow- rate ratio of AsH /TMG equal to 3 gjves a

p-type materTa], 1ncreas1ng 1t to 6 gives an n- type(rg). Dopants for-the
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’

GaAs are dimethylzinc (DMZ) or diethylzinc (DEZ) giving p-type, and for

- n-type H,Se. We notice that the dopants for GaAs, are‘also used to grow’

B >

InSe.
‘The advantages of OM-VPE can be summarized as follows,

(1) - reproducible epitactic layers ‘can be grown with a single

temperature zoﬁe in a quartz reactor at a relatively low temperature, (for
example 610 °C for GahAs).

” (2) the process can be scaled up for industry,

(3) the same reactor and electronic controls can be used to grow .

other III-V and II-VI compouﬁds, -

(4) partial pressures and flow rates of all sources can be controlled

v

’externally and

'(5) system is evacuated and if necessary substrate can be plasma

AN

etched.

AN

»
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CHAPTER III

EXPERIMENTAL APPARATUS AND PROCEDURE

3.1. Crystal Growth Apparatus

The apparatus used for the GaAs growth by the Organometallic-Vapor
Phase Epitactic (OM-VPE) technique is shown schematically in fig. 2.
(17)

Generally, this is similar to that reported elsewhere It consists
principally of a single vertical quartz tube, the reactor, of dimensions
50 mm in diameter and 60 cm in length. This reactor is equipped with a
SiC coated graphite pedestal which can be inductively heated. The Tatter
is supported E)y a thermocouple by which the temperature can be monitored.

The Tiquid or‘ganometaﬂicsw are contained 1in stainless steel bottles,
which in turn are kept in thermoelectrically cooled baths; by this way
their vapor pressure can be controlled. The carrier gas, which is bubbled
through the organometallics, consists of Pd-purified H,. Its flo;v, as well
as the flows of the hydrides and of the dopants are monitc;red by appro-
priate mass-flow valves. A mechanical pump attains the desired pressure
under which the growth takes place.

Due to the hiéh toxicity of the reactants, special precautions have
been ta.ken. Thu’;, a pressure gauge sensor (capacitance manometer) monitors
the pressuré and controls fail-safe $olenoid valves of each gas for
security reasons. Also, a charcoal trap, placed at the exit of the reactor,

traps any toxic As. A 500 1b. charcoal drum is also installed outside the

building at the exhaust of the mechanical pump.
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3.2. Contact Déposition Apparatus -

In order to take electrical measurementé of a semic;nductor, one needs
to make ohmic contacts to it. The bontac%s of the samples investigated were
made by vapor deposition or appropriate metals or a11oysi -The system used
for this~gurﬁgse consifts mainly of two components: the electron beam
evaporation source and the vacuum system. y

‘Tﬂé former is a singlecrucible source using-a Varian e-Gun Electron
Beam Evaporaior. Its .power supply has a maximum power of '3 kW with its
control un{t provided wifh a convenient single-knob control of eVaporationa
and a watér—flow jnterlock. - S

The vacuum system {s\shown schematicélly in fig. 3. This is composed
of t%e evaporation space and its belljar, the mechanical and diffusion
pumps and the cold traps filled with ]iquid Nitrogen when operating. The”
pressure is monitored by the gauges, the ion one bein; used for the range

-

of very low pressure. . : .

~

3.3.. The Cryogenic Temperature Control S&stem

The design of the‘cryostat used in measuring the éTeptrica]‘resistivity

+ -

and Hall effect is“shown in fig, 4. ,

The sdhple is mounted on the end of the support tube F, about 15 -
[ . - .
. dbove the heater G, and Towered into the exchange gas chamber L through an

opening at the top of the dewar. A1l the electrical leads are brought up

through insulated tubes located inside the support tube M dnd are terminat-

~

ed on multipin e]echica] connectors N. These are hermetically sealed and

feature c]osed~ent;z socket .contacts. 4

Al

b}

-
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The isolation épace A, i.e. the inner wall space of‘the ekchange gas
‘5chambér, allows one to thermally isolate the sample space from the.outer

space or to control the cooling rate monitoring the pressure. This exch- S
ange gas chamber is placed in a dewar I, which serves as a liquid helium
}eservoir when measurements are taken down to about 5 °K or it is just open
to the dir when these are taken in the temperafureainterva1 80 to 295 °K.
Thé innér—wa]] space J of this dgwar is conpected to the diffusion pump D
through the tube B. The outer dewar H, is filled with 1iquid nitfogen
when measurements are taken. This one also consists of a double wall
evacuated space.

As it has already been said, the temperature range in which the measure-
ments were carried out was extended from 5 °K to 295 °K and it was diviaed,

‘1n accordance with the method used to establish the required temperature,

into two parts, the 80 - 295 °K region and the 5 - 80 °K one. To obtain '
the former, the spaces A and L are filled with helium gas with pressure of
some Torr; this pressure is kept low in order to have slow teﬁpe}ature
variance. The space J is filled with nitrogen gas to the atmospheric
pressure. Finally; the space H is fiW{;;‘;ffh liquid nitrogen.

For the next temperature region (i.e. 5 - 80 °K), we repeat the above
procedure and whe; the temperature of the sample fgl]s to 80 °K, then the
nitrogen gas is pumped out from the space J by the>mechanical and diffusion

% Torr, then Tiquid helium

‘ pumps. When the pressure comes down to ~ 5 x 10°
is transferred to the space I. [
Temperature control of the above mentioned range is- obtained by
supplying with just sufficient electrical power the heater G to bring the

sample region to the desired temperature. The temperature is determined by

A
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a teniperature sensor which is a GaAs diode, type TG-100P of Lake Shore

Cryotronics, useful in all the interesting tempe}ature range. This diode
is, located in the back side of the platform in which the;samp1e is and in
the same distance és the sample from the heater. The calibration of this
diode is presented on fig. 5, where the temperature vs. voltage has been

drawn.

3.4. - The Magnet Control System

For the Hall effect measurements', a Harvey-Wells e]eEtromagnet with
pole faces 30 cm in diameter and a pole gap of 7.5 cm was\used. The max-
imum field intensity of this electromagnet is 10 kG. The power supply for
it is of model HS-1365 from Harvey-Wells Corp. Its panel operatiﬁg cont-
rols include the field set cghtro1s with visual indication of the field
current and a field reversing switch.

The calibration of this magnetic field has been made by the students
S. Kovalski and S. Berger using an NMR Probe. The calibration graph %s
< shown in fig. 6 where the magnetic field in.kG vs. current in amperes is

ot %
given.

3.5. The Electrical Measuring Circuit -

Two geométric forms haye been used for measuring the resistivity and
the Hall voltage of the present samples. The form of fig. 7.a has been
. used for the samples Al and A2. Efforts to improve the accuracy of the
meastirements led to the form of fil. 7.b which is widely used. The latter
form has been adopfed for the samples B1 and B2. )

“Fig. 8 shows a diagram of.the e]ec£rica] measuring circuit, A reg-

ulated current source supplies the current which is read by’a milTiammeter,

N
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A resistor of 15 ko is connected in series with the sample in order to keep

the current constant. The switch SI-permits current reversal. Two diéita]

voltmeters measure both voltages, the one by which the resistivity is cal-
culated, "and the Ha]] vpltage by appropriately connecting the switch 52.
The heater is placed at the lowest side of the platform and }t is
supplied with current by a regulated current sou;ce. The temperature is
determined from the calibrated tables of the GaAs diode temperature sensor
(fig. 5;. fhe latter i; conné%ted with a bower supply and a voltmeter.
The power.supp1y has a multiple range of supplied current of 0.001, 0.010,
0.055, 0.137 and 1.35 mA. The calibration of fig. 5 has been made for a

current of 0.010 mA.

3.6. Preparation of the Samples

In this paragraph, we discuss briefly the procedure .followed to grow

the studied materials. It should be noted here, that the whole part of the

growth (set-up and proéedure) was made by J. Auclair (Research Assistant).
A1l the four studied materials were ndmina]]y undped GaAs single

crystals, grown on semi-insulating Cr-doped GaAs substrates (homoepitaxial
growth) underllow pressure and changing only the growth temperature and the
flow rate of the redctants. Mechanically polished semi—insu]a%ing Cr-doped
GaAs, proyided by Laser Diode Labs. Inc. were used as substrates. Prior tn
growth, they were etched in a 3:1:1 so]utiop of H,S0,:Ho0,:H,0 for approx¥-
mately 15 minutes. After being rinsed in distilled Qater and in methanol,
they were placed on the graphite pedestal and inserted info the reactor,

The pressure, under which the growth was taking place was kept

constant at 0.3 Torr during the whole growth process. The reactants used

N

f
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for the studied crystals were trimethylgallium (TMG), 5% ASH3 in ultra pure

H2 and as a carrier gas Pd-purified HZ’ in agreement with the first group

ofchemical reactions, mentioned in paragraph 2.5.

N
3

The conditions under which the growth of the studied semiconductors
took place are presented in Table.] for each sample. Under‘theSe conditions,

,

the grown samples exhibited excellent surfacé morphology.

3.7. Hall Measurements

Eachlsamp1e, as it was obtained, was cut by sandblasting to take the
mentioned forms (fig. 7a,b). Prigg.to contact evappration the sample was
etched in a 3:1:1 solution of H250 H202 H2
rinsed 'in distilled water the sample was kept in methanol. Good ohmic

0 for 20 - 30 sec. After being

contacts were made to n-type GaAs by evaporation of an alloy Au:Ge (12% by
weight of Ge) adding Ni about 5 - 10% of the weight of the alloy Au-Ge.

It has been found( 0)

that the presence of the nickel helps the contacts to
be uniform over the surface of the semiconductor.f The evaporation was ‘
carried out in a Tow pressure of n 10'6 Torr, After the evaporatjon, the
contacts were annea]ed for 1 min at 500 °C in N2 atmosphere.

S1nce ‘the contacts have been made and annealed the sample was ready
for Hall measurements. This was mounted on a copper plate, electr1ca1]y
isolated from the sample, and wines Were silverplated on the contacts. To-
make the resistivity and Hall measurements, the following prdcessdwas
exarcised. / .

:The yoltage V; and V;‘ across the contacts (2,?) and (5,6), respect-
ively (the latter, where applicable, see fig. 8) was'measured fdr ZeYo
magnetic field and.for both directions of the current. Averaging them,

the voltage V, was obtained. Then the resistivity was calculated using



42

~

TABLE 1 S .
Growth Ratio ﬁMG F!ow ASH3'Elow'

Sample Tem?sggture,e ASH3/TMG (cc/min) (cc/min)
Al 650 | 5:1 4.8 15.0

< A2 635 5:1 5.2 17.4 ‘ 2
B1 625 5:1 5.2 17.4 r
B2 625 6.5:1 5.2 22.6

wm

eq. (2.29) and the conductivity by eq. (2.30).
The Hall voltage was detérmﬁned bi measuring the voltages V] across the
contacts (2,6) and V2-across the -contacts {3,5). (For the shape of fig.

(7.a) V, and V2 were the voltages across the contacts (2,6) and (3.6),

1

respectively). These meésurements were taken with the magnetic field on,
off and revérse. Also, for both directions of the current.
5, V? and V$ the above voltage V, for. the magnetic field

.on, off and reverse, respectively, then the Hall voltage across these

If we denote V

contact® for the given direction of current is given by,

vy = — = (3.1)

N . )
The-minus sign between the two subtracts in the middle term of eq.

0 then VR < VO

(3.1) comes from the fact that if VE > V], 1 1



By eq. (3.1), we note that this Hall voltage is independent of the

1

0
N -I,
assymetry of the shape of fig. (7.a)) does not affect the Hall voltage, if it

V1, which means that any assymetry of the contacts (especia]iy the large
is calculated by this method. By the 'same method,.the Hall voltage across
the other two contacts is measured and then the same is repeated for ‘
reverse current. Finally, the average Hall voltage VH calculated by
averaging these four "partial" ones. ‘

From the Hall vb]tage VH, the Hall coefficient RH is calculated by
the eq. (2.35), the mobility u by eq. (2.36) and the ratio ﬁﬁg-which is
equal to the carrier concentration n, if the Hall factor rﬁ is assumed

~to be unit. The dimensions of the samples are given in Table II. A1l the

above steps were repeated for the whole temperature range.

TABLE 1T
Sample " Length Width Thickness
+(cm) w(cm) t{um)
Al 0.420 0.520 | = 7.0
A2 0.400 0.520 6.0 X
B 0.445 0,472 2.2 o, .
B2 0.445 0.472 2

The maximum curreﬁt used was up to‘] mA and the magnetic\field was

"2). The field dependence of the Hall

4 kG (=410 Y - sec - om
coefficient was checked up to 7 kG.and it was found to be independent. For
16w temperatures, thé current was reduced jn order to avoid the heating of

the sample. ‘

. pmn e a s o
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J C
By this process, measurements of the electrical properties were made

for a given sample supplied by Laser Diode Labs. Inc. and the error between

a4

the resultsand that given by the manufacturing company data was approxima- (
. [ .
te]y 8%. :
I N ‘
r 4
e
7 - v
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CHAPTER 1V . . (

2

EXPERIMENTAL RESULTS AND DISCUSSION

A
[

As we havg already said, HSQ{/measurement were made for temperature
rénging from 5 °K to 295 °K for four n—typetGaAs samples grown by Organo- ‘
metalic-Vapor Phase. Epitaxy (OM-VPE) under the conditions Tisted in Table
I.' In the previous chapterg we digcussed the experimental proces§ under
which'these measurements have been obtained.

The need to know the optimum growth condﬁtions, such as temperature
and arsine to metalorganics rafi&lfor future work, has been the motivation
to electricially characterize the grown materials. . .

The bresent work is 1imité3 to this electrical characterizatidn, that
is, to determine resistivity;*Hall mobility, carrier concentration and
thé{r temperature dependence, as wé]] as the total impurity content, qnd
it does not enter to details about crystal growth. 1In this chapter, the
results are listed and they are in@erpretéd in terms of e%isting theories
of electrical conduction in semiconductars. . ) h (

4.1 Temperature Dependence of Resistivity, Hall Coefficient and

»

Hall Mobility

I3

The results of measurements of the temperafure dependence of the
resisg}vity, Hall coefficient and mobility are plotted in figures 9, 10,
and 11, respectively.

From fig. 9, we see that the vesistivity has a small minimum just under
the.réom temperature, and as the temperature decreases, the resistivity

increases with a finite slope, until at approximately 30 °K, where the

slope changes and”vanishes at ~ 20 °K. Therefore, the conductivity at

7
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1
i

X

JEry Tow temperatures is constant.

s

£

A9

In fig. 12, the resistivity vs. I/T is plotted. Here, we can see this

4

behaviour more clearly. This chang%/of the slope at very ]ow‘témperatures

(4)

is related to impurity conduction Moreover, the constant-cohductivity

- shows that this conduction is metallic-like. Thqrefore; the two Hubbard

7,9)

2
and there is a finite conductivity even at very low tempera%ures.

bands D° and D'( have merged, resulting in e, = 0 (see eq. (2.12))

&

As it has been said, the nuhber of carriers n at the exhaustion
range, as well as' at the metallic behaviour, is constaﬁt and equal to
ND - NA’ where ND, NA are the donor and acceptor concentrations, respectively.
The carrier concentration is given in terms of the Ha]ﬁ ceofficient RH. We
see from fig. 10 that the Hall coeffic{ent is constant at very low temp-
ergtures. Aslthe témperature increasés, it has a small maxjimum at ~ 90 °K
and then it falls again for higher temperatures at the same value it has for
very low temperatures.

(4,9,11,21,22)

Many authors attribute this behaviour to two-band cond-

uction. According to them, the maximum occurs at the transition from one

band to another. By two—band‘conductioﬁ, it is meant that the electrons
move either in the conduction band or ‘in the 1mpur1ty band D"(?), which
resulted from the overlap of the wave functions of the impdrity atoms
(see paragraph 2.2). The former case occurs a%g;eiative1y high temperatires,
whi]e the Tatter at very low ones.- In the intermediate temperature range
both affect the conductivity and this is thé temperature range where the

Hall coefficient deviates from its constant value.
’ (21,23)

"

On the other hand, some other authors * consider the changg of

the Hall factor ry to explain the maximum of the Hall coefficient. They

L

. t
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assume that the free carrier concentration is constant and the electrons
’femain always in ‘the conduction band, that iss the impurity band has
'merged completely with the conduction band. |

To find the appropriate process for our case, let us see the temp-
erature depeﬁdence of the other parameters. We have already discussed the
resistivity behaviour. Concerniﬁé %he mobility, we see from f{g. 11 that
starting from room temperature the mobility increases as the temperature
decreases reaching a maximum at ~ 200 °K and as the temperature goes on
decreasing, then the mobility decreases also and fjna]]y it becomes cqhs—
tant at very low tehperatures, where it has a mobility whose value is
between one third and one half of the maximum.

We believe that all these data combined result in a two:band conduc-
tion: at very Tow temperatures, all the electrons are in the impurity band
where the mobility is cons£ant. (The same for the conductivity, as Jong as
all the electrons remain in the impurity band (eq. 2.16)). %his mobility is
Tower than the mobility in the conduction band.™ eThe difference in the
mobility is because of the effective mass difference, the latter being
dependent én the shape of the bands. bbvious]y, the conduction band dbes‘v
not have the same shape as the impurity band. As the t;mperature increases,
some electrons "jump" from the impurity to the conduction band with a resul-
(tant higher mobility and hence higher conductivity. So, for a temperature
range we have a mixture of two contributions to the mopi]ity and)conduc—
tivity. This is the range where the Hall coefficient deviates from its

constant value. In this case, the Hall coefficient is given hy (4,22)

* For the hopping process, this mobility has been found to be much 1ower@4)



Iz

| ’ ni“? i nc“i . . | ' J
RH = 7 N 5 (4.])

2
.+ :
e(n1“1 nc”c)

In éq. (4.1), the symbols have the known meanings with the éubscripts
~i, ¢ denoting the impurity band and conduction band, respectively. Also,
in deriving eq. (4.1) ry =1 is assumed. The same value of ry will be
assumed in thg\rest of the present work, since the impurity band plays a
dominant role even at moderate temperaturgs and as we have said, for dis-
torted bands the Ha]]gfactor approaches.the unit. 1In any Sase, the error
resulting from this assumption will not Ee more than 5 - 10% which is within
our experimental error. - .

For very low temperatures, when all the electrons are in the {mpurity

band, eg. (4.1) becomes

R, = —— (4.1a)

=3
4]

while for high temperatures
1

) IR ML - (4.1b)
nce - . '

f

From eq. (4.1a) or (4.1b)., we can find the total electron concentra-

I
~ w

and all the eiecfrons are in the conduction band.

z ¢
tion

n=N "NA": __]'—‘
Rye
where R, is the constant value of the Hall coefficient.

ot
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"As long as this transition occurs, the mobility in the conduction

‘band remains constant. This comes from‘the fact that the energy given to

the crystal by heating it is spent for ‘the carrier excitation from the
impurity to the conduction band and not for increasind the velocity of the
electrons already existing in the conduction band as the Brooks-Herring
(B-H) forhu]a,req. (2.23), or Falicov-Cueyas (F-C) formula, eq. (2.25)
presuppose.

Taking the derivative of eq. (4.1) with respect to the temperature,

we find that the maximum occurs when Nipg =N Since Y <‘J€ then
Ny > N therefore, even at ~ 90 °K, the carrier concentration in the

ﬁmpuriﬁy band is significant, which means that the fonization energy AED

(or £ from éqi (2.12)) is not too small as one would expect regarding
the metallic behaviour and high-concentration of the carriers, at least
for the three samples, A]a B1 and B2. In the next paragraph, an approximate

evaluation of this activation energy is made.

<

4.2. Calculation of the Activation Energy €]

- For the two-band conduction, the foective conductivity is the result

* of the two components o5 and o where oss O, @re the conductivities in the

“impurity and conduction bands, respectively. Then, the conductivity is

given by
g =05 %0 (4.2)

If for the two terms of the right hand part of eq. (4.2), the eq. (2.16)

v

is applied, then eq.(4.2) becomes

A)
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‘o==ni|e1ui + nclelpc (4.3)

The term n. represents the fraction of the total electron concentration

which is in the conduction band. This can be approximated for low -tempera-

tures, as

N = (ND - NA)ﬂexp(-a]/kT) k ‘ (4.4)

" Substituting eq. (4.4) into eq. (4.3) and having that ng =n -n., we

take

o=n[l - exp(-fjo]lelui +n expévil)[eluc i (4.5)
. kT kT )
“In eq. (4.5) we notice that the term n]e]ui is the conductivity for very low
temperatures 0?, where all the e]ectroﬁs are in the impurity band. This
_conductivity, as we can see from’fig; 9, is constant for a limited temperé—
| ture range. 16150, the term nle[uC is the conductivity 02 when all the
electrons are in the conduction band. This, of Coursé,_happens for hﬁgherl
temperatures. Yet, the 1étter case is not as simple as the former, because
_the mobility Mo is constant, és’we have already said,. only for a‘limited_
- tempefature range when there still are electrons in the impurity band,
while for ﬂigher temperatures ionized impurity ana polar optical scattering
‘mechanisms affecf,thismobi11ty. Hence, we must find an optimum temperature,

where these scattering mechanisms have not started yet and at the same time

all {(or nearly all) the carriers are in the conduction band.
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1

From the figures 9, 10 énd 11, we find that the temperature of 150 °K

- meets the above requirements. First, the Hall coefficient at this point is

near. the constant value, which means that almost al} the electrons are in
the conduction band and second, at this temperature, the moQi]ity changes
siope, which means, that the normal scattering mecha?isms start to operate. .
Thus, taking as 0 the conduct1v1ty at 5 °K and as o the conduct1v1ty at

150 °K, eqg. (4.5) becomes \

“a

7= c?[] - exp(- e]/kT)] + OgleXD(- e1/KT) (4.6)

. We note that eq. (4.6) resembles eq. (2.12). Eq. (4.6) can be written as

G\—G
' e exp(- e]/kT) ‘ o (4.7) .
O -0,
(T* c i
0 :
, - fo 0_l .. SN
ILf the term 5 5 is plotted vs. 1/T in semi~log graph, then the slope
g. - 0. ' -
1

will give t;e act1vat1on energy. This is done in fig. 13 (a,b,c,d) for-the
samples Al, A2, Bl1, B2, respectively.. We not1ce that as the temperature

increases, this slope increases too, although the~error in calculating €y

for‘high temperatures is more significant than that of low temperatures,

<

since eq. (4.4) holds for Tow T. In ény case, an estimation of €y can be

&

. made.” Its values for Tow and high T are given in Table IIT for each saﬁp]e.
Therefore, we conclude that the impurity band has a width of ~ 8 meV and that,
* the impurity band does not overlap the conduction band, but its highest

edge is about 2 mey from the conduct1on band. Photo]uminescence studies

near the band-edge (hv 5-EG) at 2 °K are consistent W1th this result; the

/
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photo1um1nscence shows a broad line whose half-width is approximately 7 meV

and whose peak is at 6 meV below the conduct1on band for samp]e A2.

TABLE III

Sample o?(ﬂ"l-ém_]) 02(9"1.cm‘]) ACtiZZ;iin Energzizg imev)—
AL | . 425 7.25 275 | 7.50
A2 0.262 . 0.56 1.95 9.30
Bl 24.2 35.7 150 | 8.00°
B2 15.46 [ 29.0 om0 | o3
N
\

4.3. Calculation of Total Impurity Concentration and Compensation

Usually th&\total impurity concentration and compensation is calcula-

ted b& the (B -"H) 0 ula, eq: (2.%3) or by the (F - C) formu1a, eq. (2.25),
applying them at ~ 80 °K(23’25). In our case, th1s is not applied since

" more than half of the e1ectrons are still in the impurity band. We sa1d

in the preceding paragraph that at o 150 °K the-mobility due to scattering
mechanisms changes slope and we see that it actually becomes cdnstant for a
56511 teﬁperature range, beyond which it‘decreases. The degrease is attri-
buted to tbe po1arpoptica1 scattering, hepce, we may assume tﬁat(at room
temperature only this.mechanism operates., Moreover, at 200 °K, a11'the

eléctroﬁs have already been activated to the conduction band, and thus the

~

N A
f N
~ * /
A
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jonized impurity séattering‘has some effect on the mobf]{ty.

gAssuming that at 200 °K both scattering mechanisms contribute to the
mobitity, the moBi]ity due to ionized impurity scattering ﬁI can be found,
applying Matthiessen's‘ru1e, ed. (2.28), if that due to polar optical '~
scattering is known. The mobi1i£y upé at 200 °K can he found by comparihg
it to the measured mobility at room temperature. We know that (see eg,

(2.19)) \
9

T .

upoa(e_ -1) forT< o .

w

@ is the Debye temperature and is equal to 417 °K for GaAs. Tﬁerefore,

_ ey
- a17/200 ‘
555 = : - = 2.265 , . (4.8)
upy SM7/295 _ 4
[ 4 . _
_By Matthiessen,s rule "
| .31 ,1
Yers Mpo M1
then I
_¥po T Veff ) '(4 %)

.
L Wpp ™ Vory

If in eq. (4.9) we put the value of u,, for 200 °K as it is obtained

by eq. §4J8) and as ueff\the measured at 200 °K, then the My for this

témperatune ¢an be found.

Aithough at hidh temperatureé the difference -between the (F-C) and the



(B-H) formulas is insignificant

* The compensafion is given by K =T -

62

(]5), we shall use the former, since this is

~

_hore appropriate for strongly compensated semiconductors. If m* = 0.07mO

“and x = 13, then the eq. (2.25) becomes -

2.11 - 108 132
N

' UI = A (4.]0)

A

where

A - 1

'

en(1 + n) + n(1 + n)ii

’

and n is given by eq. (2.26). o ‘ ,
Using the value of pl-for 200 °K, the acceptor concentration can be

found by eq. (4.16) and the total imburity concentration by NI = 2NA +n.
NA \ .
D
Table IV contains all the parameters used to these calculations, as
well as their resu]@s.
Having finished with the analysis of the measurements, we can ﬁow

make some obﬁeryatiqns. A1l the GaAs 1hyers grown under the conditions‘

,1iéted on Table I have a large number of impurities of both types and they

exhibit metallic-Tike behayiour at very low temperatures. This s expected
for the samples Al, B1 and B2, since their free carrier concentration

exceeds the critical value given by Mott's criterion, eq. (2:11), and which

16

is ~ 1.6, - 10~ for GaAs. VYet, for the sample A2, this behaviour is

explained if the total donor concentration is taken into consideratibn, as

(8)

Fritzsche proposes.



TABLE IV .

by

,uCCmZ/V-sec)

SAMPLE | CARRIER CONCENTRATION|200-°K 295 °K |DONOR CONCENTRATION | ACCEPTOR CONCENT | ‘COMPENSATION
n (cm~2) Np (cm™) NA (em=3) K
AT 2.10'6 2630 | 2500 1.4-10"7 1.2-1017 0.86
A2 2.2-101% 2020 | 1910 1.21-1017 1.19-10"7 0.98
B1 8.65-10'° 2080 | 2860 | -2.18-10"7 1.31.10'7 0.60
B2 1.65-10'° 4135 | 4020 1.23-1017 - 7.6-10'6 0.62
| .

£9
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Moreover, we found that this metallic behav1our only occurs at very

© Jow temperatures since the impurity band has not merged with the conduct1on
band. On the contrary, we-found that there is an activation energy e]
which separates these twe bands and whose value is between 1.5 and.2.8 meV
for very Tow temperateres and that thelimpurity band has & width between

5 and 7 meV. The lowest € is for the'sample with the largest donor
concentration, which is reasonable, since, as the donor concentration
increases, the attivation energy tends to vanish. Yet, the next Tower €]
is for the sample AZ, whose donor eoncentration is comparable with the other
eamp1esl Probably this is due to highlacceptor concentration of this
sample, This contradicts with the obeervation of Davis and Compton for

1)

Ge( » who found that e; decreases as the donor concentration increases.

In any case, this needs further investigation especially for extreme Tow

i
s

temperatures ) N ’

Concern1ng the crystal- growth technique, it is noted that high quality
materials were obtained with good value of mobility, especially the samples
Al, BI end B2. . It is seen from Table IV that the lower the compensation
. and total impurity concentration are, the higher the mobility. The high‘
impurity concentration at the present 1imits. the application of such
crystals for high e]eetronic technologies, although they can be used for

’

high-efficiency solar cells,
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CHAPTER V '
CONCLUSION

The experimental set-up for electrical characterization of semiconduct-
ors was described. The main part of this characterization is the Hall-effect
measurement. By the Tatter, the electrical characterization of n-type GaAs \
single crystals was m;de. These crystals were grown by 0r9anometa]1ic;Vapor
Phase Epitaxy (OM-VPE) on semi-insulating Cr-doped GaAs substrates. It was
found to our surprise :that these crystals exhibit metallic behaviour at very
Tow temperatures which indicates that the donor concentration exceeds the '
critical value given by Mott, even for the sample with the relatively Tow
~ free carrier concentration. This temperature dependence of the resistivity,
Hall coefficient and mobility was explained with the two-band conduction,
and from the temperature dependence of the conductivity, the activation
energy e was found and the impurity band width was estimated.

The total impurity concentration, as well as the compensation ratio,
were estimated by the Falicov-Cuevas formula concerning the mbbi]ity due
to jonized impurity scattering. This was calculated at 200 °K, assuming
that two scatte;ing mechanisms operate at this temperature, the one due }o<
ionized impurity scattering and the other due to polar optical sbattering.

The above analysis of thé electrical properties of the samples inves-
tigated shows that with the present émp]oyed crysta]—growth technique, the .
obtained cﬁysta]s have a high impurity concéntration but their mobi]jty is
good for this number of impuri}ies. Although these crystals can be used

for high-efficiency solar cells, they will find limited application for

other devices due to their'high impurity concentration. Further investi-

\




gation is needed jn order to grow single crystals with lower number of
impu;ities and therefére higher mobiiity: - )
The present work was directed to the‘e]ectfita1 characterization of-
the grown sahp]es. The error in‘the electrical measurements is estimated
to be 5 - 10% Qut'this does not alter our conc]usions. Since the crystals
grown uﬁder the present conditions have & high impurity concentration and
b a high)compensatioqi theée samples can be used as models for Tiquid,
amorphous and other disordered semiéonductors, and ﬁay givé opportunities,

to gxténd the theoretical knowledge about these materia]s,esﬁecia]ly when

) measurements are taken at extreme low temperatures.:

.
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