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Boron-doped microcrystalline silicon films have been deposited in a plasma-enhanced chemical
vapor deposition system using silane diluted in hydrogen, and diboBghky) as a dopant gas. The
temperature dependence of the dark conductivity has been measured from 120 to 420 K in all
samples. In the high-temperature range above room temperature, the carrier transport is found to be
thermally activated, with a single activation energy that changes with i Bompensation
degree. In the low-temperature ran@0—120 K, variable range hoppin@/RH) was established

as a predominant electronic transport mechanism for all samples, with the exception of the sample
with a diborane concentration of 12.5 ppm. A model for Mott's VRH, referred to as the “diffusional
model,” which yields a relation between the conductivity and the localized density of gap states, is
presented. Using classical equations from the percolation theory and the diffusional model, the
density of states near the Fermi level, as well as the hopping parameters, are calculated. A
correlation between the hopping parameters for both models is deduced. A numerical factor that
improves the value of each parameter is calculated2@5 American Institute of Physics
[DOI: 10.1063/1.1848193

I. INTRODUCTION case, if the density of stateg®OS) is constant in akgT
energy range around the Fermi level, the dark conductivity as

In recent years, hydrogenated microcrystalline silicona function of temperature is given by

(uc-Si:H) has played an important role in the development

of electronic devices such as solar cells, transistors and gas

detectors:? The study and understanding of the transport . To |\ ¥4

mechanisms in this material has become a basic research 9= g exp{—<?> }

topic. Numerous papers have investigét‘éd:orrelations

among electronic, optical, and micro structural properties

with electronic transport models. However, no general theoryyhereT is the absolute temperatur@; andT, are constants

providing an explanation for all the observed behaviors hagvhich depend on the material.

been presented to date. Many disordered or amorphous semiconductors and
In the range of temperatures well below zero degreesnetal alloys follow this equatioh® Recently, this behavior

centigrade, it has been reportgtiat uc-Si:H dark conduc- has been reported not only in the range of low temperatures

tivity (og) does not follow a thermally activated model, and constant DOS, as it was originally predicted by Mott and

which is the common case above room temperature. Dif'ferDaVid,9 but also at high temperatures and for materials with

ent models have been proposed, but how charges respond@ononconstant DOS around the Fermi leVef. Different

an electric field is still unclear. kinds of functions can be proposed for the DOS in the gap
In this paper, results on dark conductivity of microcrys- and the band tails of these semiconductors. This point, how-

ever, will not be considered in this paper.

talline silicon thin films lightly doped with Boronuc- - ) g -
Si:H:(B), measured over a temperature range of 100—420 K All the lightly qued microcrystalline silicon sa_lmples
follow Mott's equation at low temperatures. Following the

are shown. Well-known theories for disordered materials’classical ercolation theorv. the characteristic hopoing pa-
like variable range hoppingVRH),6 were applied. It was P y: pping p

. 14,44, Fameters, and the distance between states and energy differ-
found that the Golden Rule of fitting (g vs T~ to iden ences were calculated. Results were in disagreement with the

tify hopping mechanisms is a necessary but not a Sumdenéxpected range of values. Therefore, we developed a “diffu-
condition. In the case gkc-Si:H:(B), some corrections are  giona| model” considering the Einstein relation, conductivity,
required to find reasonable hopping parameters. diffusion coefficient, and hopping probability, which can be

According to Mott's equatichfor the three-dimensional  correlated with the percolation model equations to provide a
method for the adoption of the correct numerical coefficients
dElectronic mail: adussanc@intec.unl.edu.ar of both models.

1)

0021-8979/2005/97(4)/043711/5/$22.50 97, 043711-1 © 2005 American Institute of Physics

Downloaded 12 May 2006 to 200.9.237.254. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1848193
http://dx.doi.org/10.1063/1.1848193

043711-2 A. Dussan and R. H. Buitrago J. Appl. Phys. 97, 043711 (2005)

Il. FUNDAMENTAL THEORIES FOR VRH As dark conductivity and temperature are easily mea-
sured in thin film materials, from a plot of (o) vs 1/TY4,
the slopeT, can be determined, and by choosing a reason-
Considering a VRH regimen, it can be proposed that theyple value fora, the density of states at the Fermi level can
carriers move in a diffusive way and have a diffusion coef-pe estimated. Subsequently, through Edsand(5) the hop-
ficient Dpop given by ping parameter® andW can be calculated. Thus, the diffu-
Dro :1R2p 2 sional model gives us a method to calculate the hopping
PT 6 hopr L.
characteristic parameters, where only the very well-knewn
whereR is the range or average hopping distance ppgis parameter have to be assumed.
the hopping transition probability between two states sepa-
rated a distanc® from each other. The transition probability B. percolation theory
can be written in general ¥s

A. Diffusional model

The percolation theory has been widely used to study
Phop= Vph €XP(— 2aR = WIkgT), (3 transport phenomena in semiconductors, in particular to cal-

where v, is the phonon frequency associated with the hop_culate the hopping parameters of Mott’s equation for the case
ph L

ping processesy ! is the wavelength overlapping parameter: of VRH. The essence of suqh an approach lies in the fact that
andkg is the Boltzmann’s constant. Therefore, éxpaR) is (€ Spheres of radiug, on sites along a most favored path,
the tunneling factor given by the overlapping of wave func-Must join up to form a percolation channel through the ma-
tions, and exp-W/KgT) is the Boltzmann's factor, which terial. As a result, the spheres would overlap, offering prob-

correlates with energyV between the initial and final hop- lems to scientists_in the estimation f_There are a number _
ping states. of approaches being reported as having the same mathemati-

If it is assumed that the density of states is constant in &al expression but a different multiplying coefficient, which
range of somégT around the Fermi energy, and the latter is 'anges from 1.78 to 2.480n average, calculated valuesrf
within the localized states, then for the three-dimensionaf'® Smaller than the ones estimated by other methods. As a
case, the number of states per unit volume and engdgy, ~ conseduence, when used in E4), the resulting values for

separated by a hopping distanieis related to the energy the hopping energitig are higher than. the expected ones. The
difference between hopping states by: proposed formulds® can be summarized as follows:

C*a®

__ 3 To= , 8
W= (4) 0 kaNe (8)

whereC is a number in the range of 1.84-2.28 predicted for
@ constant density of states around the Fermi 1&v€lom-
paring this to the value obtained fdg from the diffusional
model, it was found tha€*=18.1, beingC=2.06, which is
¢ clearly within the range of percolation values. It is important
to notice that the same value for Mott’s temperature is ob-
tained from two different models.
For the rest of the characteristic VRH parameters, the
_ [ 9 ]1’4 (5)  Classical equations reported e

87TCYN|:|(3T W= kB(TOTS) 1/4, (9)

ParameteiV is also denominated as the “hopping acti-
vation energy,” and is one of the most important parameter
in identifying the hopping mechanism. This parameter will
be used to compare different models.

Using Eq.(4) into (3), and evaluating the maximum o
the function, we obtain the optimum distarRRevhich allows
us to get the higher rate of hoppi]ﬁ’g

The Einstein relation allows the calculating of the dark

conductivity,oy,, in terms of the diffusion coefficient and the R= §T1’4T‘1’4< 1 ) (10)
density of states accordingfo* g0 '
Ok = €DhoNE, (6) As both models allow us to calculaf and W, there

should be a correlation between them. By including E§k.
and(10) into (4), and Eq.(8) into (5), we obtain the follow-
ing new expressions after some mathematical operations:

wheree is the electronic charg®y,, is the diffusion coeffi-
cient, andNg is the density of states near the Fermi level.

Combining Eqgs(2)—(6), the following equation for the
dark conductivity was found: L_ A

W* = —kg(TeTO)Y4, (11)
1, 18.10%Nekg | 4 ce e
o= éeZR Nevpnexpl = f ) (7)
_ B 1/ 1/4 1
which is similar to Mott's equation if we call R* = ETOﬁ_ ol (12)
*_1
0= g€ RPNevpn (78 whereA=(128/9) andB=(9/8m).
and It is interesting to notice that the new equatidi&ys.
5 (11) and (12)] maintain the same structure of the ones pre-
T,= 18.1a (7p)  dicted by the percolation theory, having a pre-factor which is

Nekg a function of paramete€. Recently, Godeet al* reported
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FIG. 1. Dark conductivity as a function of the inverse temperature forp|g 3. park conductivity vsT-Y4 for uc-Si:H samples lightly doped
uc-Si:H samples with a diborane concentration between 12.5 and 100 ppnjith B.

The figure inset shows a lineal fitting for all samples in the high-temperature

range.E is the activation energy.

%X 10* V/cm. Phase lag and amplitude of the MPC signal
that C* could reach the value of 310 for materials having anwere simultaneously detected with a lock-in amplifier.
exponential density of states, instead of the maximum value
of 16 admitted by Mott's theory for a constant density of
states. Therefore, these results indicate that the correlati
between different models and the shape of the density gf('/ RESULTS AND DISCUSSION

states depend on the value ©f Figure 1 shows an Arrhenius plot of the dark conductiv-
ity of the lightly dopeduc-Si:H:(B) samples. A linear be-
Ill. EXPERIMENT havior is only observed in the high-temperature region, as

) ) . shown in the figure inset. In this temperature regiomer

~ The uc-Si:H:(B) samples were prepared in a capaci- 55 o) the transport mechanism involves carriers activated
tively coupled HF-PECVD reactor working at a frequency of girectly from levels below the Fermi level to states at the
50 MHz. A description of the characteristics and the operayitom of the conductiotfor valencé band. The activation
tional conditions of the reactor were reported elsewhre. energiesE) indicate that the samples change from-type
Corning 7059 glass was used as a substrate, and the depog-5 b type semiconductor passing through a compensated
tion temperature was 150 °C_:. The react!op gas was a ”_"Xt”rﬁc-Si:H :(B) sample(doping around 25 ppimas it is shown
of 94% hydrogen and 6% silane, containing diborane in the, rig 2 The intrinsic microcrystalline hydrogenated silicon
range of 0~100 ppm. The totallflux and pressure were kept,c_s;j:H is a n-type semiconductor. If a small amount of
constant at 20 sccm and 4307 Torr, respectively. Boron is added, which acts as an impurity acceptor, it will

Conductivity measurements were carried out in & Cry_,sh down the Fermi level from the conduction to the va-
ostat using thermally evaporated aluminum coplanar elecy o band, changing the microcrystalline materigh-type.

trodes. They were 25 cm in length, interdigited, and sepaggjng the conductivity an exponential function of the activa-
rated 0.01 cm from each other. The electrical current wasign energy, small changes in the Fermi level will result in

measured with a Keithley electrometer 617 connected to i’arge variations ofry, as it can be seen in Fig. 2.
computer. The samples were annealed at 420 K and then “gjnce the Arrhenius plot does not fit at low temperatures,

cooled down to 120 K at a constant rate of 1.5 K/min. Thewith the exception of the sample doped with 12.5 ppm of

applied field was 1000 V/cm. diborane, other possible transport mechanisms were sought.
Modulated photocurrent measuremefN&>C) were per- |, kg 3 the variation of dark conductivity versusTE is

formed with the same contact configuration. A He-Ne lasegpqyn At low temperatures, the lineal fitting is very good,
was partially modulate12% of its total intensity by using giving the expected correlation of Eql). Using Mott's
an electro-optical modulator at 4 kHz. The dc generation rat%quation the slope¥, were determinedTable I)). There-
7enidgl i ; ’ .
was 2.7<10'"cms™ and the applied field was 4 {416 hased on the diffusional model f65 and the density of
states measured in our laboratory by the method of modu-

—~ 1052 A I
- SN TABLE |. Wavelength overlappinde™) calculated from the diffusional
G . ',;’ ‘\\ °° '0‘6,\ model. Values ofNg are experimental DOS data measured by the MPC
T_ 10} Y N % method.
E X b 0.5 —
o "! \‘. [1T]
\:{10'7 S SN / {0.4 Sample Ne al
o ¢ e T, (ppm B,Hs) (cm3ev?) (R)
10°ER Type— ——pType =~ {03
10 100 125 1x 106 61
B,H, flow-rate fraction (ppm) 25 7.8x 101 11
50 1.01x 10% 18
FIG. 2. Room temperature dark conductivity and activation energy for 75 6.80x 10'° 17
uc-Si:H samples with different boron doping degrees. The lines are drawn 100 5.04x 106 10

to guide the eye.
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TABLE Il. DOS values and hopping parametéiis=150 K) from the diffusional and percolation models.

T. Percolation M. Diffusional

Sample(ppm B,Hg) To (K) Ne (eVtem) R (cm) W (eV) R (cm) W (eV)

12.5 9.15¢ 10/ 8.31x 10% 1.46x 1076 0.36 1.46< 1076 0.09
25 1.90x 1010 4% 105 5.57x 1076 1.37 557 10°® 0.34
50 3.55x 10° 2.13x 1016 3.66x 107 0.9 3.66x10°° 0.22
75 6.07x 10° 1.25% 106 4.18x 1076 1.03 4.19<10°° 0.25
100 4.24x10° 1.79x 106 3.82x10°° 0.94 3.8310°° 0.23
lated photocurrer(ﬂ\/IPC),17 the wave length overlapping pa- Figure 4 shows the dependenceRo&dndW on tempera-
rameter was determined. The results tor* and DOS are ture. Both curves behave as expected by the VRH mecha-
shown in Table 1. nism, i.e., when temperature decreadesncreases aniv

Table | shows thatr ™ varies in the range of 10-18 A, decreases.
with the exception of the sample having a diborane concen- The R values obtained either from the diffusional or the
tration of 12.5 ppm, a fact that will be discussed later. Thepercolation models are the same, but the hopping enefgies
agreement between the™* values found here and the ones are quite different. The value predicted by the percolation
predicted by the percolation thedPys worth noticing. Tak-  method forW gives a value equivalent to the gap of the
ing this into consideration, the mean value ®f equal to  material. This value is in contradiction with the basic initial
14 A will be adopted for the next calculations. assumption that the density of states was constant around the

Table Il shows the results for the hopping paramekrs pemj jevel, and that the jump of the carriers from one state
andW, calculated from the diffusional modgEgs. (4) and to the other were only of the order of sorkgT. On the other

(5] and th? percolatir(])n (tjheovﬁEqsf. ©) and(lO)h] ata te.n"ln— Ihand, the initial assumptions are satisfied for the valué/of
perature of 150 K. The density of states at the Fermi leve bbtained from the diffusional model.

Ng, was calculated using E@8) and the values o€=2.06 Recalculating?* and W* from Egs. (11) and (12) using

o . .
and o 1.4 A. These results.present a fair agreement WIthC:Z.OG, we again obtain the same values shown in Table II,
the experimental values obtained by the MPC metHae- . e

acorrespondlng to the diffusional model.

ported in Table I. The sample doped with 12.5 ppm shows
discrepancy of one order of magnitude between the measured
and calculatedNg values. Besides, if it is taken into account
that thea™ values calculated in Table | are relatively high, it
should pe con3|dgred that thg p0_33|b|llty that the transpor\t/. CONCLUSIONS
mechanism for this sample is different from VRH, even

when Mott's equation is satisfied. A nearest-neighbor hop-

ping behavior was checked, since the results were negative. Dark conductivity measurements performed over a wide

It is concluded that for this sample the mechanism may be fange of tter;pe::#ures for I:thtly (?f)pﬁg: tf?l tl;' : Btsamplef
carrier transport controlled by thermoionic emissibras a are reported In this paper. 1t was found that Tor temperatures

reasonable value of 101 meV was obtained for the potentiatl“g_her_than 25 ,C the dommant mec.harysm IS thg thermal
activation of carriers. The different activation energies found

barrier. i ’ -
are explained in terms of boron doping.
In the low-temperature ranges, the main transport
6l mechanism for the.c-Si:H: B samples is the VRH, with the
. \e\e\e\e\e\e exception of the case doped with 12.5 ppm of diborane.
* o From the diffusional model formulas, and using experimental
'g 4.W data for the density of states, paramet€sand o™t were
z sl calculated. A good agreement was obtained with the pre-
. — : dicted value from the percolation theory.
0.5 -0 25 pom A correlation between diffusional and percolation model
04_:2: o formulas forR andW was deduced. The resulting equations
%‘ T 00 pem preserve the same mathematical structure of the percolation
; 03¢ equations multiplied by a pre-factor, which is a function of
02} o parametelC. Introducing theC value obtained from the dif-
0.1 ; . - fusional model, the values obtained from the new equations

T (K for R* and W* are reasonable for a VRH model with a con-

(K) stant density of states around the Fermi level. Higher value
4 L . i

FIG. 4. Hopping parameter® and W as a function of temperature for ©f C .WOU|d_ !nd'cate that new .b_aSIC assumptions are neces-

uc-Si:H samples, according to the diffusional model equations. sary in addition to Mott’s condition.
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