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CouIomb gap measurement in non-compensated Si:As 

G Pignatelt and S Sanguinemi$ 
t Dipanimento di Ingcgneria dei Materiati. Univemita di Iknto, Vi Mesiano n.38050 
ltento, Ita@ 
t Dipartimento di Wica, Universit?z di Milano, Via CeloM 16, 20133 Milano, Italy 

AbstrseL W repon mistMty measurements in the temperature range OSS-LZ K 
performed on noneompensated SirAS samples doped by ion implantation on the 
insulating side of the metal-insulator wnsition. The data show a nmsover of the 
variable-range-hopping (VRH) resistivity dependence p ( T )  from p K ap(T1l,/T)'1~ 
(Molt nw predicted behaviour) to p (i: ap(T,p/T)'I2, which demonstrates the 
persistence of a Coulomb gap in the density of states even in the dcinity of the critical 
mncenmtion ?he simultaneous observation of the T1l4 and Tl12 parametem allows 
the determination of the effeaive size of the gap. 

Great attention has been focused in the last years on electronic transport properties 
of semiconductors doped near the metal-insulator uansition (MIT). 

The theoretical relevance of these studies lies in the peculiar effect which 
characterizes their electronic behaviour at low temperatures, Le. electron localization. 
As a matter of fact, doped semiconductors can be considered disordered systems 
in which the dopant atoms are randomly dispersed in a solid matrix. The MIT 
is driven by the overlap of randomly distributed impurity states. The Anderson 
theory of localization and subsequent developments [I] give a good description of 
the observed behaviour of Critical quantities near the transition 

In the framework of the tight-binding Anderson model it is possible to introduce 
the interaction between electrons essentially via the insertion in the Hamiltonian of 
the intra-atomic potential U (Hubbard) and of the long-range Coulomb potential 

The effect of Coulomb correlation in doped semiconductors, inducing anomalies 
in the density of states, plays an important role in determining the temperature 
dependence of the transport and thermodynamic properties of the material at very 
low temperatures. 

Corrections to the electron hopping energy, due to electron-hole attraction 
between localized states, lead to the opening of a gap at the Rrmi level 131. 
Passing through the MIT from the insulating to the metallic phase, a progressive 
filling up of the gap occurs, leaving a dip in the density of states [4]. 

This effect is described by the EfrosShklovskii (ES) theory, which predicts the 
development of an energy gap in the single-particle density of states (DOS) at the 
Rrmi level p [SI, whose analytical form is 
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The size of the gap is 

where e is the elementary electronic charge, n is the dielectric constant of the 
semiconductor, and go is the impurity DOS calculated neglecting the Coulomb 
interaction. 

The size of the Coulomb gap is expected to be considerably reduced from its 
original wlue (2) due to the screening effect of the impurity electrons in the Vicinity 
of the MI", provided that the polaron enhanmment of the dielectric permittivity is 
taken into account. 

The resistivity of the impurity system in the VRH regime (dominating at very low 
temperature) is a good tool for the investigation of the features of the elemonic 
DOS. 

In the hamework of VRH theory 16, q, when the hopping energy is lower than 
the Coulomb gap width, the assumption of a parabolic form in the DOS (1) implies 
a resistivity dependence with temperature of the type 

where 

with pt = 2.8 171 and X the localization radius of the impurity electronic state. 
At higher temperatures, where the hopping energy is larger than the Coulomb 

gap energy but lower than the inter-impurity barrier, one should observe a typical 
Mott VRH behaviour as 

where 

(g(M) is the DCS at the Fermi level, 7 = 18 z constant). This behaviour is due to 
the fact that the DOS, outside the Coulomb gap, is only a slowly varying function 
of energy and can be considered cnnstant. 
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In this &amwork, approaching the MIT one should observe a crwover of the 
resistivity behaviour between the functional form (3) at vely low temperature to 
the form (5) at higher temperatures. 

Both the T-’I4 and T-lI2 exponential dependence of p ( T )  have been observed 
in previous experiments [%13]. Qear evidence of the existence of a gap in the 
DOS has been given by Zhang et a1 in highly compensated n-type CdSe [14]. 

In non-compensated semiconductors the importance of the Coulomb interaction 
B reduced due to the enhancement of multielectron effects. This fact manifests 
itself in a decrease in the size of the gap. Very precise measurements, camed out 
by Shafarman and Castner [lo] on nonampensated Si:& samples doped near the 
MIT, in the tfmperature range 0.410 K, show, m the whole range where the VRH 
is active, a Mott behaviour (5). 

In a previous paper [15] we reported evidence of the presence of a sizeable 
Coulomb gap A in ion implanted SkP. The observed value of the Coulomb gap 
was A/kB IJ 3.48 K at a concentration of 3.5~10’~ ~ m - ~ ,  slightly lower than the 
critical concentration Nc of the MIT transition for SkP, Le. N, = 3.74 x 10I8 

In this work we report resistivity measurements in the temperature range 0.15- 
1.2 K of two just-insulating, nonampensated, SkAs samples, with special emphasis 
on the temperature range 150-250 mK. 

The samples were obtained by ion implantation on single-crystal, Czochralski- 
grown ptype. (100) silicon slices of 4 inch diameter and 0.5 mm thichess. The 
silicon substrate was boron doped at a nominal concentration of 5-7 x lo” an-3. 
The implantation doses have been adjusted in order to have all samples nominally 
doped at the critical concentration of the MIT (m Si:& the aitical concentration is 
N ,  = (8.55 0.10) x 10l8 cmb3 [lo]) After ion implantation all the samples were 
annealed at 920 C for 30 min in N202 After contact opening and metal patterning, 
each sample was cut into a 1 mm x 0.5 mm dice [17]. 

Since the impurity profile was achieved by means of multiple implants and 
doubly ionized ions, a calibration of the dopant concentration was obtained from 
C - V plots and and threshold voltage measurements (see figure 1). The complete 
activation of the implanted dose was checked with a four-point probe and Hall 
effect measurements at room temperature. The optimization of the implantation 
condition has been reported in [NI. Small fluctuations in doping concentration 
are still possible, due to non-homogeneity of the implantation process. Process 
tolerance was estimated to be f2%. This can justify the slight difference in the 
observed behaviour of the two samples here reported. 

The compensation ratio K = NA/ND (where NA and No are the acceptor 
and the donor concentration respectively) can amount to up to due to the 
presence of boron impurities in the silicon substrate before doping. However, a 
higher compensation has to be expected because of defects induced in the silicon 
lattice by ion implantation. ?his also may lead to local deviations in K owing to 
the extended nature of the defects. 

Low-resistance electrical and thermal links with the measurement apparatus 
were obtained by ultrasonic bonding of Au wires on the AI pads of the samples. 
The thermal coupling to the bath of the ensemble was made through a large 
Cu plate on which was placed a Ge NTD doped crystal calibrated thermometer. 
The cryogenic temperatures were obtained by using an Oxford Instruments He3-4 
dilution refrigerator, which is able to reach temperatures as low as 10 mK. Resistivity 
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Temperature [C'"] 

F ~ R  1. COncentration p106le of SI:& samples 
as obtained from G V  plot measurement. Surface 
enhacement of the dopant mncenmtion h due to 
impurity segregation in lhc &de grown on lhe 
silicon surface during past-implant anneal. 

ngva 1 Resistance of the two just-insulating SkAs 
samples over the whole temperature range 0.150- 
13 K . The fitting Lines mrrespnd to the Molt 
w law (dashed line) and to the Es VRH (full tine) 
behaviour. rerpectively. 

measurements were performed at 30 E .vi;h an AC resistance b ~ i g e .  The total 
p e r  dissipation in the bolometer was kept below 10 pW in order to avoid 
overheating. Temperature accuracy was better than 52% over the full range 
investigated. 

In order to improve measurement accuracy in the temperature range 150- 
250 mK, the mean temperature step A T  between the experimental points was 
reduced from 25 to 6 mK 

The experimental results are reported in fipre 2 
The data fitting was performed following two different pcedures ,  in x d e r  to 

ensure a relatively high accuracy in the determination of &e functional form of 
the temperature dependence of the resistivity as well as the estimate of the related 
parar.eters. 

One procedure is based on the determination of the logarithmic derivative of 
the resistivity (the sensitivity A(T) )  defined as 

This quantity is identically equivalent, in the VRH conduction regime, to the reeuced 
% e r a  LV 

which represents the dimensionless activation energy in the VRH conduction regime. 



Coulomb gap measurement in non-compensated S k h  195 

-.6 -.6 -.4 -.2 0 

log(TIK1) Temperalure [mKl 

F- 3 Logarithmic plot of mitMty vetxu 
t e m p t m  The dope of the linear pan of the 
curfes indicates the p parameter in the genvdlized 
ww mnduaion law p = p o a p ( T , / T ) P .  

Figure 4 Resistance of the WO just-insulating Si:& 
samples in the tutkided range 0.154.3 K The 
fining lines m p n d  to the Mott YRH law (dashed 
line) and to the m ww (full line) behaviour, 
reswively. 

The advantage of this method Q that no functional dependence is assumed a 
priori, because the In A yersus In T plot, where it follows a linear behaviour, defines 
the region where VRH occu~s. The slope of the curve gives directly the p parameter 
(ln A = - p  In T+ constant). The disadvantage is that the derivative is very sensitive 
to any variation of the experimental points, and even small local fluctuations are 
amplified. 

In order to Overcome this drawback, we have carried out a polynomial fit of 
the expression In(h p )  against In T assuming a functional dependence of the form 

h ( t n p )  = a + b@T)  + c(lnT)* + . . . (9) 

from which we have 

A(T)  = - In(p)[b+ 2c(ln T) + . . .] (10) 

The expansion (9) was stopped at the fifth order in InT. The advantage of 
this method is that the double logarithmic function has the effect of smoothing the 
Gata and therefore the interpolation is much less sensitive to local fluctuations. 

The reliability of this method has been checked and reported in [lq. The A(T)  
curves of the two samples are reported m figure 3. The p,, Tp and p parameters 
have been compared for consistency with those obtained by fitting the data with a 
leastsquare procedure m the general form of the VRH resistivity 

where p can assume any value between 0 and 1. 
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The set of parameters obtained with the two different methods are more or 
less the same within 10% agreement in all the temperature range. The uncertainty 
in the VRH parameters is mainly due to the noise present in the resistiviy curves, 
which induces some errors in the determination of the sensitivity via polynomial fit. 

The linear dependence of the In A( T) versus In T curves of both samples above 
350 mK shows that they are in a VIU.I condition (figure 3). Moreover the observed 
p values (table 1) are consistent with an electronic transport p m s  in the Mott 
VRH region. 

‘hbk I. Coulomb gap width A / ~ B  and fitting parameters Tp, p bom the apression 
p = poerp(TP/T)p lor samples k G  and A D  doped near the MIT 

n 350-1200 mK, AT== mK 150-250 mK, AT =6 mK A / ~ B  
Samples 10’ an-’ Tp(mK) p TP@K) P (m’K j 
ArO iL: 8.45 39.9 a23 26.08 a50 21 
ASD z 8.55 6124 ai8 9.92 a61 13 

The values assumed by the p and Tp parameters in this temperature range 
(table 1) are in good agreement with the one reported by Shafarman and Castner 
[IO] for the two samples with concentration 8.41 and 848 x 10l8 respectively. 

The small values of the TI/., parameter might be expected from the scaling of 
the Mott expression for T,/4 with the localization length, approaching the MIT 

with the scaling exponent U in the range 0.77-0.97 [lo]. The observed T,/4 values 
are consistent with doping concentration in the range 8.40 - 8.6 x 1Ol8 an-3. 

The fact that we can measure such a low value of TlI4 at temperature T > TIl4 
is due to the fact that T,,4 is not a real activation energy, but just a weighted 
measure of the band width of the active states participating in the conduction. The 
increase of the density of states and of the localization radius near the MW both 
contribute to the reduction of the width of the active energy band. 

The transition in the VRH conduction behaviour can be. observed by the change 
in the slope of the A(T)  cum. In fact, for both samples, d(lnA)/d(lnT) % O S  
when T < 250 mK (see figure 3) according with ~s VRH behaviour. 

The transition can also be. appreciated in the p versus T graph (figures 2 
and 4) , where the Es VRH fitting line reproduces in a better way the data at low 
temperature, but fails at temperatures higher than 0.35 K 

The transition is not a masked effect due to a temperature dependence of the 
prefactor pg which gives a resistivity law of the type 

Attempts to fit the data points to (13) give s-values % 0. 
Even in the Es VRH condition the observed values of T,,t are far lower than 

the predicted ones. However such a reduction m Tllz values is comparable with 
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the one observed near the MIT on n-type CdSe [14], n-type GaAs 1191 and SkP [lq. 
That is related to the divergence of both the localization radius and the dielectric 
permittMly approaching the metal-insulator transition 

The fact that in our samples the Mott and the ES VTui behaviour b observed 
simultaneously allows us to estimate quantitatively the Coulomb gap size. Combining 
equations (2), (4) and (6) we obtain 

with the assumption g ( p )  = constant = g,,. 

transition temperatures, calculated using the equation 
Bble 1 gives the  lues of A calculated with formula (14). The inferred 

A/kB = 0.24(TuTi,J‘/4 

from [14], are s 100 mK for both samples. This temperature is consistent with the 
roughly estimated transition temperature of = 300 mK. 

In summary, from the temperature dependence of resistivity in non-compensated 
Si& samples doped to the just-insulating phase of the MIT, we have observed a 
crossover from a Mott VRH to an Ei VRH behaviour at a temperature of about 300 
mK 

This leads to the conclusion that the electron-electron interaction, even if 
strongly reduced by multielectron effects in the vicinity of the MIT, still affects the 
DOS of the impurity band giving rise to an energy gap at the Fermi ieveL 

The fact that the same effect has not been observed in the Si:P system is 
probably due to the lower density of states in the phosphorous band and to the 
different role played by residual defects after ion implantation damage recovery 
IBI. 
We wish to thank the p u p  of Professor E RonN for assistance in the resistivity 
measurements and Professor G Benedek for helpful discussions. We are also indebted 
to Dr M Buraschi for supporting us in the preparation of the samples and for C-V 
measurements. 
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