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Charge transport in amorphous silicon (a-Si) doped with ion implantation of Mnf, Nit, Fef, and 
Cuf ions is studied using ESR technique, temperat,ure dependence of conductivity u( T), and ther- 
mopower a ( T )  measurements. W7ith increasing of impurity (&In, Ki, Fe) concentration (from 1018 
to  l O l 9  cm-l) the localized state density and u decrease owing to the passivation of silicon dangling 
bonds with impurity atoms. An analysis of conductivity and thermopower data allows to reveal 
three temperature regions. 1)  At 250 < T < 500 K u is due to holes excited from the acceptor 
impurity states. 2) At T > 500 K electron transport dominates. 3) At T < 250 K hopping con- 
ductivity with variablc range hopping near Fermi level prevails. For a-Si:JIn in the region of 
4 < T < 80 I< Coulomb correlations are detected in the behaviour of rr(T). The Coulomb gip is 
found to  reach a maximum value 25 meV which appears to be one order of value larger than the 
known (one) in semiconductors doped with shallow impurity levels. 

c I I O M O U b I o  MeTOaa 3nP, H3MepeHHR TeMIIepaTypHbIX 3aBMCHMOCTen IIpOBOAHMOcTM 
u(T)  M T ~ P M O - B . ~ . ~ .  a ( T )  nccneaosaH nepeHoc 3 a p ~ a a  B aMop@Hoiw Si (a-Si), aernpo- 
HafIiIofif MnnaHTariaeS MOHOB Mn+, hTi+, Fef M Cuf . c yBeall9eHHeM IioHI[eHTpaI~M€I 
rIpllMecM (Mn, Ni M Fe) OT 10'' A0 10" Cm-3 1Il)OHCXOHLIT y3IeHbIlreHMe IIJIOTHOCTII JIOKa.nL1- 
30BaIIHhIX COCTORHMfi M fS 3a CYeT IIaCCI4BaUIIM 060l>BaIIHbIX C13R3efi IIpH BCT1>aHl3aIIMII 
IIpHMeCHbIX aTOMOB B6JIH3M AeGleKTa. AHBJIM~ O ( T )  X I  a ( T )  IIOKa3a.X, 9 T O  1) B 06JIaCTII 
250 < T < 500 K IIpOBOHMMOCTb OnpeHenHeTCR AbIpKaMM, BO36J~W~eHHIAMM C 111)PI- 
MeCHbIX aI~UelITOpIIbIX COCTORHIIfiI; 2) npl4 T > 500 K ,C(OiWHHMpyeT 3TIeIiTpOHHbIii TpaH- 
CIIOpT; 3 )  IIpH T < 250 K npeo6nanae~ IIpbIXKOBaR rIpOROAMMOCTh BRJIM3H J'pOUIIR 
Q e p M M .  R 0 6 n a c ~ ~  4 < T < 80 K B TeMIIepaTypHO6i 3aBMCHMOCTH IIpOBoHMMUCTII 

MaI<CHMaJIblIaR BeJIBYMHa KyJIOHOBCKO8 UeJIll COCTaBnReT -25 mPV, YTO Ronee Yen1 It;\ 

MeJIl iHMH YpOBHRMH. 

a-Si:Mn o6IxapyKerio ripommemie KY~IOHOBCKMX IEoppenRuHfi. YcTaaoBneiro, YTO 

nopxnorc npeshIIlraeT ~ H ~ Y ~ H L I R ,  H ~ B ~ C T H ~ I ~  n.7~ cMcTe3f no,7~1ipoBoAIIMii-npllnieCI, c 

1. Introduction 

Transition metals with nonfilled 3d-shell easily interact with lattice imperfectiorls in 
Si. Recently [l] t o  [3] it was shown tha t  doping by ion implantation with medium 
dose or by co-sputtering of 3d-transition metals makes it possible to  reduce consider- 
ably the localized state density due to  dangling bonds. Increasing implantation dose 
raises the conductivity of amorphous silicon (a-Si) [3]. The dangling bond eompen- 
sation and high doping efficiency achieved by Mn implantation were discussed in 
terms of a structural model based on impurity-defect complexes. The behavionr of 
other first transition row elements is also of interest i11 a-Si. 

1) Akademikian Lavrentev Prospekt 13, 630090 Novosibirsk 90, USSR. 



4 6  I d=Z4Znm 
- . . . . . . . . . . . . . . . . . . . . . . . . - 

- 
I -- 

4 7 .  .. . .. . . - 

' 
I 

RPZ RPl 

I I 

Fig. 1. Spectra of He+ ions backscattered from a) ini- 
tial a-Si and b) a-Si:Fe films, Rpl and R,2 mean pro- 
jected ranges of Fe+ ions with energies of 50 and 
120 keV, respectively 

In  this paper the results of study of trans- 
port properties of a-Si doped with Mn, Fe, and 

I00 

are reported. The temperature and concentra- 
tion dependences of conductivity and ther- 
mopower were studied in detail. 

2. Experimental 

The a-Si films were prepared by electron-beam 
evaporation onto quartz substrates a t  apressure 
of 10-4 Pa. The deposition rate and substrate 
temperature were 0.3 to 0.5 nmjs and 350 "C, 
respectively. The final thickness of a-Si layers 
was about 0.25 um. The amorphous structure 

d inm) - of the films was'controlled by <he electron dif- 

Ion implantation was carried out on the High Voltage Engineering Europa 350 kV 
heavy ion accelerator. Samples were mounted on a water-cooled target holder. The 
ion current density a t  the target was kept below 2.5 kAjcm2. I n  order to  reach a 
homogeneous implant concentration in depth multiple energy implantation was used 
with ion energies ranging from 50 to  230 keV (Fig. 1). The EPR signal was measured 
in X-band by spectrometer Varian E4502. 

fraction technique. 

3. Results and Discussion 

High dangling bond density is typical for undoped a-Si layers (spin concentrations 
within the range 5 x 1019 to  2 x 102O cm-3), independently of the preparation 
technique (deposition in vacuum, ion bombardment of crystalline Si, etc.). In  the case 
when an impurity is chemically active in Si, dangling bond compensation occurs via 
impurity-defect interaction [ 2 ] .  It becomes possible when the impurity concentration 
N is comparable with or larger than the defect concentration Nd. Our EPR measure- 
ments show (Fig. 2) the effect of spin compensation which was observed for all ele- 
ments, excluding argon, in the dose range 1015 to  10l6 cm-2 that  means implant con- 
centrations N 2 lozo ~ m - ~ .  

Transition metals Cr, Mn, and Fe are most effective in this respect apparently due 
to  the presence of the nonfilled 3d-shell which is able to  form covalent bonds with the 
unpaired electrons of defects under s-p hybridization [4]. We believe that the effect 
of compensation is caused by direct binding of an impurity atom with a defect rather 
than by electron transfer from transition metal atom to defect. 

We now consider the electrophysical properties of a-Si doped with metallic im- 
plants. Fig. 3 shows that conductivity slightly increasing with implant concentrations 
from lo'* to  loxg (3111-3. Within the range 1 x 1019 to 2 x 1019 cm-3 conductivity has 
a minimum indicating dangling bond passivation by impurity atoms and suppression 
of the hopping conduction via localized states. With further increase in transition 
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spins in a-Si implanted by different 
ions of metals ( N *  is the sheet spin 
density. A1 was implanted by Dr. A. 

x Mertens (Humboldt University, Ber- 
lin). Current densities of Al+ of 
40 pA/cm2 were reached a t  high-dose 
implantation) 
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metal concentration the conductivity rises steeply, reaching a maximum value of 
60 P1 cm-l in a-Si:Mn a t  N = 6 x 1021 

To be sure that  the high conductivity was not the result of percolation through 
metallic phase inclusions, we performed conductivity measurenients on a-Si implanted 
with Al+ ions, whose concentration reached loz2 0111-3 (about 20 at%). Aluminium 
tends to  produce metallic phase inclusions a t  this concentration [ 5 ] .  The conductivity 

of a-Si:Al was proved to  be three or four orders 
of magnitude less than that  of a-Si:Mn. So the 
high conductivity in a-Si : Mn could not be con- 
nected with metallic phase inclusions. 

With Cut  implantation the conductivity varies 
slightlyanddoesnotexceed (2to3) x 10-41R-1cm-1. 
This result seems to  be explained by precipitatiot~ 
of a solid state solution of a-Si:Cu a t  implanta- 
tion. A small doping effect is also observed in 
a-Si : Mg. 
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Fig. 3. Conductivity versus implant concentration in a- 
Si implanted with ions of metals 
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Another possibility of explanation of the steep increase in conductivity is the silicide 
formation. Transition metals are known [S] to  produce silicide, that  are semiconduc- 
tors with band gap about 0.3 to  0.4 eV excepting nickel silicide whose properties are 
close to metals. So, if silicides were really produced in our experiments, the con- 
ductivity should be a few orders of magnitude higher in a-Si : Ni than in a-Si : Mn and 
a-Si : Fe a t  equal concentration of implanted impurities. We obtained practically the 
same values of 0 for these three metals. This points to  a low effect of silicide formation. 
According to [ 7 ]  silicides were not detected in ion-implanted Si when the concentration 
of Fe was less than 50 atyo. I n  our study [8] silicide formation was observed in 
a-Si:Mn with N = 4 x 1 0 2 1  after annealing a t  350 "C only. Conductivity was 
decreased at annealing. After higher-temperature annealing the pure metallic phase 

U 

Fig. 4. a) Conductivity and b) thermopower versus reciprocal temperature i n  a-Si:Ni. For a) ( 1 )  
N = 5 x (3) 5 x 1020, (4) 2 x loz1 ~ m - ~ ;  for b) ( 1 )  initial, (2) N = 5 x lozo, 
(3) 2 x loz1 em-3 

Fig. 5. a) Conductivity and b) thermopower versus reciprocal temperature in a-Si:Pe and 
a-Si:Ar. For a) ( 1 )  AT = 1Ols ,  (2) lo1#, (3) 1020, (4) 5 x 1020, (5) 2 X loz1 and (6) loz1 for 
b) ( 1 )  initial, (2) 5 x 1020, and (3) 2 x loz1 

(2) 2 x 
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Mn was found. Therefore metallic or silicide inclusions should not provide the high 
conductivity in our samples. 

Fig. 4 and 5 show the temperature dependences of conductivity and thermopower 
of a-Si films implanted with Pii and Fe, respectively. Similar results were obtained in 
[3] for a-Si:Mn. I n  the temperature interval 250 < T < 500 K the thermopower 
shows p-type conductivity, so the metals are used t o  form acceptor states in a-Si. 
The temperature dependence of conductivity allows us t o  obtain the energy of the 
levels in the  mobility gap for these impurities. I n  this case the activation energy of 
conductivity AE could be written as  AE = ( E F  - E,)  - qT, where q is a tempera- 
ture coefficient. We have found the following values of energy levels: E,  + 0.15 (Mn), 
E', + 0.18 (Ni), arid E,  + 0.25 eV (Fe). It should be noted tha t  the activation energy 
of conductivity in a-Si:Ni does riot change with increasing impurity content by a 
factor 5 (Fig. 4a).  This suggests firstly tha t  the energy levels of defects and Ni in 
a-Si are superimposed and secondly tha t  direct saturation of dangling bonds with 
impurities takes place. If dangling bonds disappeared due to  the level recharge, the 
Fermi level would shift up from the defect level by the Hubbard repulsion energy at 
an increase in the impurity concentration 191. 

It is noteworthy tha t  the sample with Be concentration 1019 cm-3 behaves as  in- 
trinsic material, i.e. the  conductivity activation energy is equal to  0.5 eV, the con- 
ductivity is 10-5 0 - 1  cm-l, arid the thermopower is very small. Thereby we may 
assume the  concentration of F e  close t o  the density of localized states in order of 
magnitude. 

We now discuss an  conduction mechanism of a-Si doped with a transition metal. 
The semilogarithmic plots of conductivity versus reciprocal temperature over the 
range 500 t o  300 K (Fig. 4 and 5 )  exhibit constant activation energies. This implies 
tha t  conduction through the valence band is dominant within this temperature range. 
The low activation energy (less than 0.04 eV) which appears at T < 250 K arises 
from the  hopping conduction through impurity-induced states near the  Fermi level. 
Thermopower and activation energy values decrease with transition metal concen- 
tration N above 5 x lozn cm-3 due t o  the  overlapping of the  uave  functions of the  
impurity states and impurity band formation. 

We have found tha t  the temperature dependence of conductivity for a-Si: M n  with 
Mi1 contents of 4, 8, and 10 atyo followed the activation law o ( T )  - exp (--(Tn/T)'I2) 

(Fig. 6).  This behaviour is valid for the hopp- 
ing mechanism involving the electron-hole in- 
teraction, which causes a Coulomb gap A in 
the  spectrum of localized states near the Fermi 
level. The value of A-k/2(T0T*)'I2 [ I l l ,  where 
T* is the temperature starting from which con- 
ductivity follows o-exp ( - ( T O / T ) 1 / 2 ) .  Theory 
predicts the parameter To = l /k(,!le2/xa),  where 

is the numerical constant of 2.8, e the  elec- 

Fig. 6. Conductivity of a-Si films doped with Mn 
versus T- lP 

41 physica (a) 95/2 
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tron charge, tl the dielectric constant, and a the localization radius [lo]. Estimations 
show that A is equal to  25 ,  10, and 3 meV, respectively, for a-Si:Mn with 4, 8, and 
10 atyo impurity content. It is substantially higher than for phosphorus-doped a-Si 
[12]. This result may be explained by the much lower localization length (radius) of 
states induced by a transition metal atom with nonfilled d-shell. Using again the 
theory of hopping conductivity [13] we may write the conductivity of the system of 
randomly dispersed sites as (I - exp ( - ~ / N ’ & z ) ,  where the numerical constant 5 = 
N 1.7. From the semilogarithmic plot of conductivity versus reciprocal mean distance 
between impurity atoms with concentration in the range of 1019 to  lozo cm-3 we ob- 
tained the value of a = 1 nm. In the case of phosphorus-implanted a-Si the localiza- 
tion radius appears to be 10 to  20 nm within the same concentration range. 

With increase in impurity concentration the gap tends to zero because of the transi- 
tion of doped a-Si layers to the quasimetallic state, which was observed by us at 12 
and 16 atyo of Mn, where the conductivity depends on temperature as cr- too-x. 

4. Conclusions 
The elements of the first transition row of the periodical table being implanted in 
a-Si are incorporated into the structural network of the material and form acceptor- 
type centres. This is accompanied by dangling bond passivation. From the tempera- 
ture dependence of conductivity three different types of conduction are distinguished. 
Above 500 K transport via conduction hand electrons occurs, within the range 300 
to  500 K valence band transport dominates by holes excited from impurity acceptor 
states, and below 250 K hopping conduction through an impurity band near the Fermi 
level becomes predominant. In  the temperature dependence of the Conductivity me 
observed the occurrence of an energy gap centred at the Fermi energy. The appear- 
ance of this gap probably is caused by the Coulomb interaction between carriers a t  
localized states. The maximal width of the gap was anomalously high (25 meV), 
significantly larger than in phosphorus-doped a-Si. 

The authors are indebted to  Dr. A. V. Spitsyn for helpful discussions and to A. I. 
Yakimov for low-temperature conductivity measurements. 
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