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LUMINESCENCE INVESTIGATIONS ON HEAVILY DOPED
SEMICONDUCTORS (ON THE BASE OF GALLIUM ARSENIDE)

By
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Abstract. The near band-edge luminescenee spectral distribution of heavily doped
Gads (n= 10— 10Vem 3} ts studied. The correlation between the elcctrical and
luminescence parameters is used for eptical evaluation of the frec carrier and ioni-
zed impurities eoncentrations in degeneraied Gads LPE layers. Taking into account
the random impurity potential disiribution a good quaniitative accordance with
the theory is obtained practically ewithout any fitting paremeters.

For strongly compensated samples an agreement between the experimental
and theoretical values of the lumineseence parameters ecalculated under the assum-
ption of a correlated impurity distribution is also obiained.

It is found that the parameters of the emussion bands due to recombination
transitions through shalloew donors and acceptors in lightly doped or undoped GaAs
LPE layers {n = 10"— §.10%em3} alse depend on the random impurity poteniial.
Thus they are discussed in terms of the theory of heawly doped semiconductors.

1. INTRODUCTION

The analysis of the luminescence spectra is widely used for inve-
stigations the physical processes of the radiative recombination in se-
miconductors. Usually these processes are severely affected by the de-
fects in the real crystal, including impurity atoms. In this aspect the
luminescence can be used as a method for evaluation of the hasic ma-
terials parameters. The possibilities of this method combined with the
modern experimental technique are ilustrated in the invited paper
reported by Dr H. J. Queisser on RECON" 79 [1].

In the present paper the luminescence investigations on heavily
doped gallium arsenide allowing to determine the local values of some
basic materials parameters are considered. The theoretical models are
used which are valid in the effective mass approximation. That’s why
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anly near band edge luminescence spectra, called in Lhis paper lumi-
nescence spectra will be considered.

In the f{irst section the peculiarities of the luminescence specira
as a result of the specific energy diagram in heavily doped semicon-
ductors — gallium arsenide in our case— and the influence of the ran-
dom spatial impurity distribution in the real crystal at relatively ligh-
tly doping are discussed.

The second section is devoted 1o the analysis of the near band
edge luminescence spectra -— cathodo — and photoluminescence —in
degenerated gallium arsenide.

The third section contains an exposition of the investigations on
heavily doped and strongly compensated gallium arsenide where the
interaction hetween groups of ionized impurity atoms determines the
spectral distribution of the luminescence.

In the fourth section of the present paper the luminescence specira
of the samples with low impurity concentrations (101-10tcm3) are
discussed. Usually these samples are called “undoped” or “high purity”.

SECTION I

The energy spectrum of heavily doped semiconductor at various
degree of compensation is discussed in [2]%. Some peculiarities of heavily
doped and heavily doped and strongly ccmpensated gallium arsenide
will be noted because of their important role in the luminescence.

First in the agreement with the basic ideas of the theoretical mo-
dels all shallow energy levels are spatial average broadened since they
“follow” the impurity potential fluctuations. The amplitude of this
broadening v is equal to

v =2l=n

2
o, (Na R (1)
where Ny is the total ionized impurity concentration.

As in heavily doped semiconductors the values of v are relatively
high, one can expect that the luminescence spectra will consist of wide
emission bands and any fine structure resolution will be impossible.

The theory of the near band edge {uminescence in heavily doped

1. In the present paper the symhbols for the impurity pcotential parameters
¢, Rs , Re and Ry introduced in [2] are used.
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semiconductors with direct band-fo-band fransitions at low and high
degree of compensation is developed in [3]. The lack of long-range
order in heavily doped semiconductors is taking inle account, that’s
why the radiative transitions take place without k-selection rules.
Moreover quasi Fermi-levels for the nonequilibrium carriers localized
in the potential relief cannotl be used. At whole the luminescence spe-
otra are obtained by the solulion the Boltzmann kinetic equation.

In heavily doped galllum arsenide the electron Bohr radius a,
15 usually larger than the screening radius R, but the hele Bohr ra-
dius is smaller. So in n-type gallium arsenide as well as in p-type one
can observe the radiative recombination transitions of free electrons
with holes localized in the potential relief near the valence band edge.
Al low and very high compensation this allows the direct interpreta-
tion of the spectral shape which will be used and discussed in sections
2 to 4

All theoretical models used here assume heavily doped semicon-
ductor to the effecl that the wave functions of neighbour majority
impurity atoms are overlapped. This condition 18 expressed with the
inequality

Na® >> 1 (2)

where N is the majority impurity concentration.
At nob very high compensation the same inequality noc';» i is

valid for the majority carriers. The reversed inequality is accepted
as a conditien for lightly doped semiconductor

Nai << b {3}

For n-GaAs the eleciron Bohr radius as = 10-9 em and the con-
dition {2) is realized at conecentrations N > 10%em3. For p-GaAs the
liole Bohr radius is o, == 1,7.10-7 em and the condition (2) is not ful-
fulfiled np 1o concentration N =5.1020¢m-3. Nevertheless the electri-
cal [2]) and optical processes typical for heavily doped semiconductors
are observed in such samples. This is in agreement with the well-known
theorstical considerations [2]. Probahly the condition (3) is not enough
to call a semicondustor lightly doped,

A strenger and, perhaps, more precise condition for lightly do-
ping 18 proposed in [4]:

v [ o <t (4)
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where E, is the hinding energy of the majority impurity atom. It can
be shown that if v << E, the inequality (3) is valid too. Fig. 1 shows

that it is possihle v > Eo even though Na® << 1.
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Fig 1

Ag a result some of parameters of the near band edge luminescence
in lightly doped or “high purity” [5] gallium arsenide must be discus-
sed in terms of the theory of heavily doped semiconductors.

SECTION IX

The near band edge luminescence n degenerated gallium arse-
nide is studied in [6 to 10] including the absorption investigations.
The main question in these works is to obtain the Fermi level Ee. 1L
i3 accepted that the energy of the maximum of the luminescence spe-
ctra Emax corresponds to the radiative tramsitions from the Fermi
level. Fig. 2 shows that as the carriers concentration n increases the
energy Emaz (respectively Eg) increases too, but this increase remains
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considerably lower than the theoretically predicted Burstein - Moss-
shift. Because of this discrepansy the wvalues of n cannot be directly
obtained from the results shown on Fig. 2. An empirical dependence
of Emax as a function of nis given in [8] (Fig. 3) but the authors point
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cut the curve is not appliable for crystals with various compensation.
The luminescence spectra of heavily tellurium doped gallium ar-
senide liquid phase epitaxial layers with carrier concentrations from
5.401%em-3 1o 1,1.10%m-2 are interpreted in [11, 12] on the basis of
the described in [3] theory.
The supposed mechanism of radiative transitions in such objects
in accordance with the ideas from section 1 is shown on Fig. 4-a. In

2

—p

FE/

the studied concentration range v is from 25 to 75 meV and the deri-
ved in zero approximation values of the Fermi level are Erq = 40 — 250
meV, As aresult at 77 K for all investigated samples a relation Ery>> v »>
kT is realized and in accordance with [3] the nonequilibrium holes
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are localized in a parrow energy range {of about ¥T) near the acceptor
type fluctuation level Eg— /2y, Then the spectral shape will follow
the free electrons distribution in the conduction band. As it is shown
in [11] the radiative transitions from the Fermi level correspond to
the half-intensity energy Ey;, of the high energy band side.

Typical luminescence spectra at 77 K are shown on Fig. 5. The

[ {arb. units)

Fig. §

points mark the Fermi-Dirac function al the corresponding concen-
tration n. In this way a good quantitative explanation of Burstein-Moss
effect in gallium arsenide is obtained in [11].

An analysis of the shape of low energy side of the luminescence
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spectra in these samples is made in [12]. As it is known [13] the den-
sity of states for heavily doped gallinum arsenide is nearly parabolic
in the vicinity of the Fermi level. For all spectra a parabolic range
is observed, as can be seen on Fig. 6. Extrapolating the lines from the

. i

farb. units)

I2

Energy, eV ——

Fig. 6

dependences 12(E) to zero intensity the energy position of the radia-
tive transition from the nnperturbated conduction band bottom E, is
obtained. The free carrvier concentration n can be directly determined
from the experimental valne of E. using the equnation

Eyjg— Ee = Ero = (372)23(12 [ 2mo)n2/® ()
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The ionized impurity concentration Ni can be determined from the
relation Eg — E, = VZY using equation (1).

A good agreement between "optically’” determined concentrations

n® and N: and determined by the Hall coefficient and Hall mobility
analysis values of n and Ni respectively is shown on Fig. 7-ab.

19
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cm™3

]
}
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SECTION III

The luminescence spectra of heavily doped and compensated e-
pitaxial gallium arsenide layvers are widely studied in connection with
their application in infrared light emitting dicdes, for example in [14
to 161, Usnally they consist of one wide emission band, which shape
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and energy position varles with the variation of the generation rate.
Attempts are made to explain the luminescence parameters by means
of several shallow acceplor levels and density of state tails in the con-
duction band as well as with the influence of the density of state tails
as a whole {15, 16].
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The theory [3] is taking into account the fact that at high degree
of compensation K (1 — K << 1) the electron gas i1s not degenerated.
At the same time the density of the hound states near the bottom of
the conduction band is very low. The nonequilibrium electrons are
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localized in the narrow energy range near the percolation level Ey.
As a resull the shape of the spectral band will [ollow the holes energy
distribution in the density of state tails ol the valence band (Fig. 4-Db).

The quantilative inlerpretation of these spectra is difficult due
to the fact that at 1 —K <<% and random impurity distribution the
degree of compensation K cannot be determined by the Hall coelficient.
That’s why y(R.) cannot be derived. In the case ol correlated impu-
rity distribution, as it is shown in [2], the basic parameters of the po-
tential relief can be calculated.

The luminescence in strongly compensated with shallow impurities
liguid phase epitaxial layers at correlated impurity distribution is in-
vestigated in [17, 18]. The value of v in the samples is previously de-
termined from the electrical measurements, reported in [2]. Tt 1s found
that the spectral shape is identical for n- and p-type samples at the
same doping level (respectively v). An exponential range with slope
nearly kT is observed in the high energy band side. In the low energy
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band side an exponential range is found with the characteristic slope
vo (Fig. 8) equal to the calculated value v{Re) from (1).

These facts are in agreement with the model illustrated on Fig. 4-b
and allow nging the luminescence for evalnation of the r.m.s. potential
fluctuation in the case of correlated impurity distribntion.

Probakly the analysis of the spectral shape can be used for de-
termination of v(R¢) at random impurity distribution, too. But the
experimental examination of the results by means of electrical or any
other method is impossible for the moment.

SECTION IV

The near band edge luminescence of “high purity’”” or lightly doped
gallium arsenide connected with the shallow impnrities is widely in-
vestigated [19 to 23]. 1t is established that Egax irregularly changes
for the most of the bands in different samples, that’s why the spectral
explanation is difficult. A comparison between the thermal and optical

ionisation energies E; and EJ, respectively is made in [5] by means
of far infrared photoconductivity. It is found out that E; varies with
the variation of the free electron concentration, while Eo remains con-

stant. The variation of E; in [5] is explained by means of random

impurity potential fluctuation y(Re) in [4]. Tt is shown that the expe-

rimental values of E; from [5] are in good agreement with the depen-
dence

3
N 6)

Ep = Bo— (1 +a)y(Re) = Bo — (1 + 2)2(1 4 k) (3

where oy = Ep{a = 0,3) is the percolation level of the conduction band.
In the same way the energy position of the percolation level in

the “far’” band will reduce the Ewax of the emission band according
to the relation [3]:
EmnxzEg—Eo—Ep=E2_E0_aY(RC) (7)

The experimental dependence of the energy of the maximum obtained
in [24] follows the relation (7) (Fig. 9). It can be seen too that the
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ratic of the values of Bugax for samples with different shallow donors
can change depending on .

The data from. I'ig. @ support the proposed criteria for lightly doping
(4). As a result the luminescence can be used as a method for measu-
rement the value of +(R¢) in lightly doped semiconductor and for
estimation the degree of compensation in GaAs samples.

Attempts are made to determine the impurity concentration in
gallium arsenide analysing the donor-acceptor recombination band [21
to 23]. It must be noted that a precise idenlification of the recombi-
nation mechanism by time-resolved measurements is made only in [21].
In gallium arsenide ac>>ap and the amphiude of the potentinl relief
in such “pure” samples can be relatively large, so the applicability
of this method 1s quite limited.

CONCLUSION

The luminescence can be used for experimental determination of
the local values of some basic parameters such as carrier and impu-
rity concentrations for gallium arsenide samples. This 1s very impor-
tant because of the well-known fact that the present state of the gallium
arsenide technology — crystals and layers — cannot enable to achieve
the necessary homogenity of these parameters on the surface of the
wafer ¢r in the crystal volume. The applicability of the luminescence
as a method for measurement is possible taking inte account the in-
fluence of the random impurity potential in the crystal.

At the end it will be pointed out that the main results in this paper
are obtained practically without fitting parameters and this shows the
good possibility for quantilative application of the theory of heavily
doped semiconduetors.
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MEAETH ©OOPIZMOY HMIATQUON
ME METAAH ZXYUKENTPQEH [TPOEMEIEEQN

(IEPINTOQEH GaAs)

Y
B. G ARNAUDOV

(" Eoyaotiow Puowedlc "Huayoydy xat Teyvodopuedy *Epevyln
Havemmorfuo Zdguag).

Mererdiror 9 puopation xetavopy gloplopal xovtd othy dxpd] the Tou-
vixg Tol GaAs pé peydin cuyrévtpwan mpoopsiEswy (n = 1017 — 1019¢m -3)
‘H ovoyérion petald Hrewtpumdv mapapérpwy el mwapapérowy plopionol
xpnouLoToleiter ik Thv dmrueh) Ewtlunon thHe ouyxévrpuans dheulipwy go-
pEwv xai lovisubvay mpocuetfeny ot éxguiiopéves LPE orpdioeig ol Gads
“Av haBoupe bmby iy Tuyela xatavoud Tol Suvapixob mpooueifewy pra
®xAh mocotwyy cupgwvie ut T Dewple mpowdmrer ywple TposapUoyh TEHY
TLPAUETPOIV.

Twe Jelypata pd loyue? dmoxatdortaoy mapurvpeiter ule cuppwvie
petald T&v meapatidy kol Dewpnrindy Tepdy iy mapopditowy olopopob
mob Omoroylebnuoy pe ) mapadoyh wbc cuoyetiopdvyc xatavoudlc Tpoousl-
Ezov,

*Erlons Pethypee r ol mapdperpor TR Towvlng dumopnic mol doslhetar
ot Gvachlzuly pyydv xévrpwy Sotéw nal arodexrdy o¢ LPE otpaozg GaAs
UE uupn cuyxdvtpwarn ¥ yxwels mpoopetbeig (n = 1014 — 5.10%%¢cm3) elvar
cuvapThiceg ThHG Tuyeiag xatavoufs ol Suvauixol mpoopeifsev. “Ola adra
culnrolvras i Pdon ™) Bewple Huioywydy pé peydin cuyxdvrpwoy npoguel-
Eemv.
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