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Abstract. The effect of electric field and potential energy fluctuations on the ahsorption 
spectrum of shallow donors in strongly compensated semiconductors has been investigated. 
The ionized donor pairs D; with various interdonor separations and various degrees of 
polarity are shown to give rise to the broad 2ibsorption maximum at photon energies above 
that of the ls-2p transition in an isolated donor atom. The height andshape of this maximum. 
depending on donor concentration. compensation and effectiveness of screening. carry 
information about the magnitude of potential energy fluctuations in strongly compensated 
semiconductors. 

1. Introduction 

The strongly compensated semiconductors represent an interesting class of materials 
for both technological and fundamental research reasons. The technological importance 
became evident with the development of GaAs-based electronics, where the semi- 
insulating, strongly compensated crystals serve as a basic material for the device tech- 
nology. In fundamental research the strongly compensated semiconductor represents a 
model case of a disordered system with the large spatial fluctuations of the electronic 
potential energy. 

Despite considerable experimental and theoretical efforts [ 11 our understanding of 
the physical properties of strongly compensated materials is far from being complete. 
In particular. little i y  known about optical absorption spectra due to shallow impurities 
in these materials. The far infrared magneto absorption spectra obtained by Paget and 
Klein for compensated n-type GaAs in 1986 [ 2 ]  exhibit an absorption peak at the 
energy of the ls-2p transition of isolated shallow donors superimposed on a featureless 
absorption band. The band was tentatively attributed by these authors to optical tran- 
sitions involving ‘deeper donors’, i.e. unidentified centres with various binding energies 
higher than for isolated shallow donors. The absorption spectra studied by Paget and 
Klein refer to a quite complex experimental situation involving the application of red 
light illumination and very high magnetic fields to the samples with unspecified donor 
and acceptor concentrations. Even though it was hard to draw quantitative conclusions 
it was verified that the broad absorption band resulted from the presence of a high 
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concentration of charged positive and negative impurity centres typical for semi-insu- 
lating compensated materials. The spectra observed by Paget and Klein represent a 
challenge. in particular when compared with the far infrared absorption spectra recorded 
by Arendarchuk and co-workers [3] for weakly doped, strongly compensated n- type 
InSb. 

These InSb spectra exhibit several absorption peaks, interpreted by the authors as 
being due to different allowed transitions within ionized donor pairs D; with the largest 
interdonor separations having the ground state energy equal to the Fermi energy. The 
interpretation proposed by Arendarchuk and co-workers [3] is based on the model of 
isolated donor pairs and neglects completely the surrounding charged impurities. Its 
relative success in explaining the recorded spectra is somewhat surprising since for a 
random distribution of charged impurities the field and potential fluctuations in strongly 
compensated materials seem to be quite important and not limited to the nearest- 
neighbour effects. 

To the best of our knowledge, there exists no quantitative theory of the effect of 
electric field and potential energy fluctuations on the far infrared absorption spectra of 
strongly compensated semiconductors. This paper aims to construct such a theory. We 
are interested in the region of photon energies above that of the 1s-2p transition for 
isolated impurities. We focus our attention on the effects due to impurity pairs: this 
imposes upper limits on impurity concentrations and compensations. Obviously we are 
interested in compensated materials with the Fermi level coinciding with some shallow 
impurity states. Our definition of strongly compensated materials is therefore somewhat 
different to the standard one. We consider the material to be strongly compensated 
when the number of shallow majority centres is slightly larger than the total number of 
minority centres. 

Rigorous analysis of the variations of fields and potentials in strongly compensated 
semiconductors is so complicated [ 11 that for practical purposes simplified phenom- 
enological descriptions have been proposed [ 1,4] .  They amount to replacing the Cou- 
lomb potentials of impurity ions by Yukawa potentials with the screening length A 
determined by a numerical self-consistent calculation [4,5] .  In the present work we use 
order of magnitude estimates of A for a completely random distribution of impurities 
and we introduce a numerical uncertainty prefactor. To visualize the effect of the field 
and potential fluctuations we compare the optical spectra calculated for the n-type 
strongly compensated GaAs with different values of the uncertainty prefactor. 

Our results shed light on the origin of ’deeper donors’ observed by Paget and Klein 
[2]. We believe that ‘deeper donors’ are just singly ionized donor pairs, D t  . In the 
presence of field and potential fluctuations donor pairs with different interdonor sep- 
arations, different degrees of polarity and different Stark shifts are simultaneously 
populated so that absorption is possible in a broad range of photon energies and no fine 
structure observed by Arendarchuk and co-workers [3] is predicted. Our results seem 
to indicate that the fluctuations of fields and potentials in the n-type InSb samples studied 
by those authors were completely suppressed-either by a strong correlation in the 
positions of donors and acceptors in the crystal lattice (e.g. due to ionic diffusion) or by 
some mechanism of screening much more effective than theoretically predicted. Our 
results indicate that far infrared spectra may yield information on the magnitude of 
electrostatic fields and potentials in strongly compensated semiconductors. 

The paper is organized as follows. In section 2 we outline our model and we discuss 
the distribution of electric fields and potentials in a compensated material. In section 3 
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we discuss the energy spectrum of an ionized donor pair in an external electric field and 
we calculate the Fermi energy. In section 4 we derive the formula for the absorption 
coefficient due to ionized donor pairs D;. Section 5 contains the discussion of our 
numerical results and some conclusions. 

2. Pair model 

We consider a weakly (or moderately) doped, strongly compensated semiconductor with 
ND shallow, hydrogen-like donors and NA < N, acceptors per unit volume. Qualitatively 
the case of a p-type material is quite similar but the complicated acceptor wavefunctions 
make the quantitative treatment more difficult. At low temperatures all acceptors are 
ionized and the number of electrons sitting on donors, ND - N A ,  is much smaller than 
the number of donor sites, N D .  Note that the simultaneous presence in the crystal of the 
arbitrary concentration of deep donor centres, e.g. EL2 centres in GaAs, is irrelevant 
since all such donors in these circumstances are neutral. In the following we will therefore 
ignore deep donors. With ND - N, 4 N D  at low temperatures the occupied electronic 
states are localized: electrons are bound to donor ions or their clusters. The notions of 
a single donor and a cluster (pair, triple, etc) in a random distribution of impurities are 
defined somewhat arbitrarily. The definitions involve the hopping integral W,, known 
from the elementary LCAO calculation of an ionized hydrogen molecule H i  : 

where lA) and IB) are the ground states of an electron bound to ions A and B, V ,  and 
VB are the potential energies of an electron in the Coulomb field of the ions A and B, 
respectively. When the two donor ions, A and B ,  are put in an external field varying 
slowly in space the energy spectrum of an electron bound to these donors, as well as 
the electronic wavefunctions, depend crucially on the ratio 1 WAB/A 1 ,  where A is the 
difference of the external potentials Vat the positions of the two donors. In the limiting 
case of the homopolar pair, with I WAB/A 1 1, the electron is equally bound to both 
donors, the two lowest energy states being the symmetric and the antisymmetric com- 
binations of the states IA) and 1 B )  split by the energy 2wAB. In the opposite case of the 
strongly heteropolar donor pair with 1 WAB/A ~ 4 1 the effect of the hopping interaction 
on energies and wavefunctions is strongly reduced: the electron is practically bound to 
one donor, the one with the lower external potential energy, V. The two donors forming 
a strongly heteropolar pair may be treated, to a good approximation, as single donors 
with purely electrostatic interaction. One can say that large enough potential energy 
differences, A ,  decouple donor pairs. Similar decoupling may be demonstrated for 
larger clusters: a triple may decouple into a pair and a single ion, or into three single 
ions, etc. Consequently, in weakly doped, strongly compensated semiconductors with 
their large potential energy fluctuations and large interdonor separations the electrons 
are in practice bound to the simplest ion clusters-in the first approximation to singles 
and pairs-with particularly low electronic potential energies due to the surrounding 
charged impurities. Of course, when one lets the number of electrons tend to zero as a 
result of more complete compensation, the rare clusters consisting of more very closely 
spaced donor ions come into play. The restriction it puts on compensation is difficult to 
specify but it is evidently much less severe here than in the model of pairs isolated from 
external fields exploited by Arendarchuk and co-workers [3]. 
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In order to determine which pairs and single ions bind electrons we have to calculate 
the lowest energy states of our semiconductor. For each donor ion A we select the 
nearest neighbour B, assuming the Poisson distribution of impurities. Each donor 
having a negatively charged acceptor as the nearest neighbour is excluded from further 
considerations since its chances of binding an electron are very strongly reduced. Let r 
be the distance separating the donors A and B. We intend to treat the donor A with its 
nearest neighbour B as a pair, which interacts purely electrostatically with the random 
distribution of charges outside the sphere Q of radius r ,  centred at the donor A.  Such a 
treatment is well justified for small r-values, but it meets difficulties with the increasing 
distance, r .  to the nearest neighbour: the donor A is then not necessarily the nearest to 
its own nearest neighbour B, since the second neighbours to A are practically the same 
distance from A as the first one, etc. For this reason we introduce in our pair model a 
cut-off distance, r g .  The atoms having nearest neighbours at distances exceeding ro will 
be treated as single ions interacting electrostatically with the charges outside the sphere 
e,, of radius r,,. In selecting the value of rg  we have to make a compromise: r,)  has to be 
large enough to justify neglecting the hopping integral WAB and small enough to limit 
errors in the counting of pairs. The choice of r,, will be discussed in the following. 

In the description of random fields and potentials in strongly compensated materials 
we follow Morgan [4]. We approximate the probability distribution of the values V of 
the electron potential energy produced by impurities and electrons situated outside the 
sphere Q at the position of the donor A by the Gaussian distribution with zero average 
and root mean square value 

U = v ( V ’ }  = E , U I , ~ ~ ~ A ( N D  + NA) exp(-r/jL) (1) 
where El is the donor ionization energy, uB is the effective Bohr radius. For the screening 
length /I we use the formula advocated in El]: 

The numerical coefficient ,U will be treated in the following as a variable parameter. 
In calculating the energy spectrum and the wavefunctions of an electron localized at 

a donor pair we neglect the inhomogeneity of the external electric field in the region of 
the localization of the electron. We use different approximations for fields parallel, E , ,  
and perpendicular, E _ ,  to the axis of the pair. For the field E ,  we use the value at 
the centre of the sphere Q-each of the two Cartesian coordinates having a normal 
distribution with a dispersion given by the formula 

and with zero mean value. For the field Ell we use the value - A / e r  resulting from the 
value of the potential energy difference A between the two ionic positions A and B .  
Note that the potential energies at A and B are not independent random variables; for 
example, for very close ions the potential energies are practically equal. One can show, 
however, following Morgan’s approach [4], that for a given distance r between the ions 
A and B the potential energy difference A has an approximately normal distribution, 
independent of the value of the potential energy V at the ion A but with dispersion oA 
dependent on the distance r :  

(4) o 2  A - - 0 2 (1 - (2/I/r)sinh(r/A) +$cosh(2r/A) + (A/4r)sinh(2r/A)[(2r/A)+ l]}. 

For r tending to zero the dispersion U; tends to zero as expected. 
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3. D: molecule in an electric field 

The elementary LCAO model used above for qualitative considerations gives quite a good 
description of the two lowest states of an electron bound to a pair of donor ions (D: 
molecule) in the case of interdonor separations larger than about 5aB. The comparison 
of the predictions of this model with the exact calculations of Bates and co-workers [5] 
for a D2+ molecule without external fields clearly shows the inadequacy of the similar 
model for the excited states, even at quite large interdonor separations. For a better 
description of the energy spectrum and the wavefunctions of D: molecules in an external 
electric field we applied the exact wavefunctions of Bates and co-workers [ 5 ] .  We 
selected the ten lowest energy states of the D: molecule (which for large interdonor 
separations tend asymptotically to Is, 2s and 2p states of isolated atoms) and we diag- 
onalized the Hamiltonian with the terms due to the uniform electric fields El and E ,  in 
the subspace spanned by the wavefunctions of these levels. 

This procedure has an advantage over the standard perturbation approach, for its 
range of applicability extends to higher electric fields; even at quite high fields, which 
may occasionally occur in our model, the results are reasonable. 

In constructing the secular equation we profited from the tabulated results of matrix 
elements of the dipole moment for the D t  molecule [6] .  The same tables were used later 
on to calculate the dipole transition rates for infrared absorption. 

For the calculation of the Fermi energy one has to use the same energy scale for all 
pairs and single donors. For donors the distribution of the ground-state energies 
coincides to a good approximation with the distribution of potential energies Vat  the 
centre of the sphere Qo displaced by the ground-state energy -El of an isolated donor. 
Thus the probability that an isolated donor is occupied is given by 

The Stark energy shifts of the ground donor states were found to be small at the scale of 
variations of V and they were neglected. 

For donor pairs the ground-state energy was identified with the quantity V + A/2 + 
Eo(r,  A ,  E - ) ,  where V + A/2 represents the random potential at the middle of the pair 
and EIJ ( r ,  A ,  E,) is the lowest energy state obtained by the diagonalization procedure 
for given values of E A  and A = -eE,ir. The probability of occupation of a pair is given 
by FREQ{[EF - A/2 - € ( , ( r ,  A ,  E,)]/2a2}. 

The Fermi energy was calculated numerically by equating the number of electronic 
ground states below EF to the number of electrons ND - N, per unit volume: 

ND[exp[-xI,(l + K ) ]  FREQ[(EF + E1) /a]  + n-"' dxexp[-x(1 + K)] 
[I' 

x 1-1 dy exp(-y') d z  z exp(-z') FREQ{[E, - 2-"'0,y 
0 

- E()(rDx"3, 2"'a 2 i~?o lz ) l / a )~  = (1  - K ) N ~  ( 5 )  

where K =  NA/ND, x = ( r / r D ) 3 ,  rD = (3/4nND)'/', xg = ( r0 /rD)3 ,  y = 2-'"A/ah, z = 
2-'1'2E,/u,. The first term represents the number of occupied donors with no neigh- 
bouring impurities closer than rg  (as guaranteed by the exponential factor). The second 
term gives the number of singly occupied pairs of donor ions; for N D  - N ,  N D  the 
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neutral donor pairs can be neglected. The occupation probability of a pair of donors, A 
and B, is integrated with the Gaussian distributions of transverse field E, and the 
potential energy difference A and finally over all possible positions of donor B closest 
to donor A.  Note that the temperature does not enter equation (5). This means that we 
limit our considerations to low temperatures with k T  much smaller than the magnitude 
of typical fluctuations of the electron potential energy. 

By repeating the calculations for different values of the cut-off distance, ro ,  we found 
that the value of E F  is only weakly affected by the errors in the counting of pairs with the 
largest interdonor separations. Consider. for example, the case of ND = cm-3 (rD/ 
aB = 6.29), K = 0.94, ,U = 3. We obtained in this case E F  = -2.05EI for ro = 4 . 5 ~ ~  
and E F  = -2.1EI for r,) = 5 . 7 5 ~ ~ .  This change of the Fermi energy being an order 
of magnitude smaller than the typical potential energy fluctuations does not affect 
significantly the calculated absorption spectrum. Among the pairs which we add by 
increasing r,,from 4.52, to 5.75aB only two-thirds have the property that each ion is the 
nearest neighbour of the other; fortunately Eofor most of the added pairs is much higher 
than E, and the added pairs have little chance to be occupied. Consequently, their 
presence does not change significantly the occupation of pairs with smaller interdonor 
separations. 

The Fermi energy EF turns out to be very sensitive to the magnitude of the typical 
fluctuations. This becomes evident when we compare the values of EF obtained for a 
given concentration and compensation but for different screening lengths-for N D  = 
10’ cm-3 and K = 0.94 one gets E, = -2. lEI for ,U = 3 and EF = -3.4E1 for ,M = 1. In 
the model, neglecting all but the nearest neighbour interactions used by Arendarchuk 
and co-workers [3] one gets E F  = - 1.8EI in this case. In general we found the downward 
shift of the Fermi energy due to fluctuating fields and potentials to be approximately 
equal to the dispersion of the potential energies. 

4. Absorption coefficient 

Once we have found the Fermi energy and we know how to calculate the energies and 
wavefunctions for the ground and the low-lying excited states of D t  pairs in external 
electric fields, the calculation of the absorption coefficient due to these pairs is straight- 
forward. We select all pairs having ground states below E, which can absorb photons of 
a given energy. We calculate the oscillator strengths for the dipole optical transitions 
using the tables [6] and we perform the summation taking into account the statistical 
weight of absorbing pairs following the derivation of equation (5). Our final formula for 
the pair contribution to the absorption coefficient has the following form: 

+I 

X I-, dyexp(-y’) j x  dzzexp(-zZ)l(Yj/n.rlYo)/~ 
I1 
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Figure 1. The absorption due to donor pairs D j  as a function of the interdonor separation r 
for five different photon energies: 1.1 E,.  1.0 E, ,  0.9 E,. 0.85 E , .  0.8 E ,  (the spikes on the 
curves move to the right with increasing photon energy). 

Most symbols used in the above equation have already been defined for equation (5). 
Besides those, €is thedielectricconstant,hwis thephotonenergy,Y,,isthe wavefunction 
of the ground state, Y, and E, are the wavefunction and the energy of the jth excited 
state ( j  = 1, . . . 9), respectively. n denotes the unit vector parallel to the electric field 
of the incident radiation, e’/hc is the fine structure constant. Finally, z, ,  are the solutions 
of the equations E,(z) - E g ( z )  = dw, for j = 1, . . . 9. 

In equation (6) we did not include the transitions to high excited bound states and to 
continuum states of D t  pairs. We observe however that all these transitions have low 
oscillator strengths, and that the weakly bound and continuum states are strongly 
affected by the random electric fields El, and E ,  and also by the hopping interactions 
with more distant neighbours neglected in our model. We expect therefore that the 
absorption omitted in our calculations represents the structureless background slowly 
varying with photon energy. 

Despite the presence of the Dirac &function none of the three integrationsin (6) 
can be performed analytically. The zeros of the argument of the 6-function, as well as 
the derivative of this argument, have to be calculated numerically, a procedure involving 
the multiple solving of the secular 10 x 10 equation. The two remaining integrations are 
numerically quite complicated because of the behaviour of the integrand. In figure 1 we 
plotted the integrand of the integral overx for five different photon energies (with N D  = 

~ m - ~ ,  K = 0.94, p = 3, ro = 5 . 7 5 ~ ~ ) .  For each photon energy one can observe two 
spikes at the values of x close to the values expected for resonance pairs for the two 
lowest energy transitions. One can see, however, that in contrast to the model without 
the field and potential fluctuations, for each photon energy the pairs with a range of 
interdonor separations contribute to the absorption. It is particularly evident at low 
photon energies. Detailed analysis of the integrand of the internal integral shows that 
the spikes are due to the non-monotonic behaviour of certain transition energies with 
respect to the electric field. Qualitatively, this non-monotonic behaviour results from 
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Figure 2. The pair absorption coefficient versus 
photon energy for n-type GaAs with N ,  - N, = 
3 X 10”cm ‘ electrons bound to donors and 
donor pairs. The four curves correspond to the 
following donor concentrations and screening 
uncertainty factors: 1 .  ND = 3 x 10” cm-‘. p = 1: 
2. N D = 3 x t O ” c m - ’ .  p = & ;  3.  N D =  
1 x 101>cm-?. ,I( = 1; 4. ND = i x lO”cm-’. 
u = l  

Figure 3. The pair absorption coefficient versus 
photon energy for n-type GaAs with the donor 
concentration NI, = 1 x 10” cm-’and,u = 1. The 
full curve corresponds to the compensation K = 
0.94. the broken one to K = 0.98. 

I I ’  

the competition between the linear and the quadratic Stark effect for the two levels 
involved in the transition. 

The behaviour of the integrand in figure 1 indicates that for donor concentrations of 
1 x loi5 cm-3 and all higher concentrations our results for the lowest photon energies 
are rather approximate. The important part of the absorption at these energies comes 
from the pairs with large interdonor separations for which the pair model is not quite 
adequate. 

5. Results and discussion 

In figure 2 we present the pair contribution to the absorption coefficient calculated for 
n-type GaAs for two concentrations of shallow donors N D  = 1 X 10ls cm-3 and N D  = 
3 x loi5 cm-3. For still higher concentrations the pair model is questionable. for lower 
concentrations the calculated absorption coefficients are rather low. In a preliminary 
report of our results [7] we presented the absorption coefficient for the higher con- 
centration (ND = 3 x loi5 cm-”) in the more extended range of photon energies. In 
the subsequent analysis we found that for photon energies smaller than about E,  the 
absorption calculated for this concentration comes predominantly from pairs with the 
interdonor separations close to the cut-off distance ro and that at these energies the 
results are rO-dependent and thus not reliable. The photon energy below, which the 
results exhibit significant dependence on ro is concentration-dependent, since ro itself 
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depends on concentration. At low concentration larger ro might be chosen, and the 
calculated absorption remains independent of r,) down to lower photon energies. 

All curves presented in figure 2 correspond to the same number of electrons, 
ND - N A  = 6 x 10” cm-3, sitting on donors and donor pairs, the compensation K being 
equal to 0.94 and 0.98for the lower and the higher concentration of donors, respectively. 
For both concentrations we selected two different screening regimes: ,U= 1 and 
p = h for the lower, and ,U = 1 and p = f for the higher donor concentration. 

One can see that in all cases the pair absorption exhibits a maximum shifted towards 
higher frequencies when compared with the 1s-2p transition for isolated donors, the 
shift being larger for larger concentrations. This effect is qualitatively the same as that 
discussed by Arendarchuk and co-workers [3] : namely, for higher donor concentrations 
more pairs with small interdonor separations are populated (when the number of 
electrons is kept constant). In contrast to Arendarchuk and co-workers [3] we do not 
find, however, the quantitative coincidence between the energy of the maximum and 
the transition energy for the resonance pairs with the ground states just at thc Fermi 
energy. 

Comparison between the curves corresponding to the same donor concentration 
(curves 1 and 2 or 3 and 4 in figure 2) indicates that the increase in magnitude of 
fluctuations when passing from more to less effective screening (from smaller to larger 
p )  consists ofthe decrease of the pair absorption, in particular at high photon energies. As 
a result of the increasing potential energy fluctuations some pairs with small interdonor 
separations absorbing at high photon energy lose their electrons producing more 
numerous pairs with larger donor separations and more isolated donors which may 
occasionally have very low potential energies V .  

In figure 3 we compared the results obtained for one given donor concentration, N D  = 
1 x 10” cm-3, and the same screening regime p = 1 but with electron concentrations 
differing by a factor of 3: K = 0.94 and K = 0.98. Even though the Fermi energies in 
both cases are quite different (- 1.72EI and -3.06EI, respectively) the absorption 
turns out to scale almost linearly with 1 - K. The absorption for the higher electron 
concentration is practically equal to that for the lower concentration multiplied by a 
factor 3. 

In general one can say that the pair contribution represents significant absorption 
in the spectral region above the 1s-2p transitions of isolated donors, with a specific 
dependence on donor concentration and compensation and on the magnitude of the 
field and the potential fluctuations. 

The results of the present paper suggest that the ‘deeper donors’ observed by Paget 
and Klein [2] in compensated n-type GaAs should be identified with charged donor pairs 
D i  with different interdonor separations. Our results seem to indicate that careful 
experimental studies of the evolution of the far infrared absorption spectra with impurity 
concentration and compensation may furnish information on the magnitude of the 
potential energy fluctuations in strongly compensated semiconductors. In particular the 
data of Arendarchuk and co-workers [3] suggest that in n-type InSb either the screening 
is more effective than it might seem from theoretical estimates or that the charged 
impurities are not randomly distributed. 
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