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Thermopower and conductivity activation energies in hydrogenated amorphous silicon
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Measurements of the dark conductivity activation energy are compared to that of the thermoelectric effect
measured in both open-circuit and short-circuit conditions for doped hydrogenated amorphous silicon. The
activation energy of the thermopower is much less than that obtained from the conductance measurements.
However, the short-circuit Seebeck-current activation energy agrees exactly with the conductivity activation
energy, consistent with the difference in activation energies between conductivity and thermopower arising
from long-ranged disorder at the mobility edgES0163-182606)06535-4

Despite the loss of long-range order, the transport propempresence of charged dopants and defect centers which are not
ties in amorphous semiconductors are fairly similar to thosdully screened by free charges will give rise to Coulombic
in crystalline semiconductors. However, one striking exceppotential fluctuations at the mobility edge which will be su-
tion, first observed nearly 20 years ago, is the disagreemeiwerimposed on the fluctuations of the band gap. Hence even
between the separation of the mobility edge for electrons ~ though the Fermi energy is uniform throughout the film, the
andE, for holeg and the Fermi energi when measured conductivity can vary locally, which suggests that transport

from the dark conductivityr and thermopowes. The acti-  in @-Si:H near the mobility edge may be best described by a
vation energy(E.— Eg or Er—E,) from the dark conductiv- Percolation proces¥. _ _ _
ity E,, is larger than that of the thermopowgg by as much In fact, there has been growing evidence that electronic

as several hundred meV for a wide range of noncrystallindransport ina-Si:H occurs, at least in part, through inhomo-
semiconductors, including-type, p-type, compensated, and 9eneous current filaments arising from long-range structural
lithium implanted hydrogenated amorphous sili¢arSi:H), modulations or potential fluctuations. The observation of
amorphous germanium synthesized by both sputtering an@ndom telegraph switching noise in macroscopiSi:H
glow-discharge deposition techniques, melt-quenched chafilms at and above room temperature has been interpreted as
cogenide glasses and amorphous alloys of silicon andfising from local hydrogen motion altering the conductance
carbon'™* Several models attempting to explain the differ- Of current microchannelS. The decrease in the drift mobility
ence ofE, and Eg have been proposed, including polaron in n-type a-Si:H with doping concentration has been shown
transport charge hopping through localized bandtail stétes, to accompany an increase in the difference between the con-
and two conduction path modé€8To account for the simi-  ductivity and thermopower activation energfésOptical-

lar activation energy differences seen experimentally in rigic@bsorption measurements @SiN,:H alloys® and differ-
tetrahedrally bonded materials likeSi:H and softer materi- €nces in the optical and electrical measurements of the band
als like melt-quenched chalcogenide glasses, the polarofdge in compensated-Si:H have also relied on similar
transport model requires that the electron-phonon coupling i§XPlanations An increase in the difference betwegp and
these different materials be comparable, which is not supEs With light induced defect creatiofthe Staebler-Wronski
ported by luminescence data. Hopping through localizecffech may indicate that Iight soaking increases the disprder
bandtail states and two conduction channel models predict & the mobility edges ia-Si:H.*” Consequently a determina-
nonlinear temperature dependence for the difference betwedi@n of whether this activation energy difference does indeed
S and Inr, which is not observed experimentally. Thesereflect long-ranged disorder at the mobility edges and to
models, therefore, cannot account for the activation energyhat extent this disorder affects transport are important is-
difference over the wide temperature range for the broadues conce_rning the nature of electronic conduction in amor-
class of disordered materials studied. The model most ofteRhous semiconductors.

invoked to account for the activation energies of conductiv- Assuming a sharp mobility edge without any long-ranged
ity and thermopower attributes their difference to the presfluctuations, the thermopowe$ and conductivity o for

ence of slowly varying, long-ranged potential fluctuations ath-type a-Si:H are given by

the mobility edgé"®~1This paper reports experimental mea-

surements of the conductivity and Seebeck current for doped Al S=— Ec—Er +A
a-Si:H films which support this model. kg | keT
Long-ranged potential or compositional fluctuations at th
mobility edge, of magnitude several 100 meV and extending
over length scales of $610* A, are believed to arise from [—(Ec—Ep)]
the heterogeneous nature of theSi:H films!? Structural TETR T | ()

heterogeneities resulting from the nonuniform distribution of
hydrogert® and any alloying component will cause local respectively, wheré& is the abrupt mobility edge and the
variations of the band gap throughout the film. Moreover, theheat of transport term is of order unity'® Since local en-
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of the highest potential barrier. In an open circiber-
mopowej measurement, charge carriers move around nearby
minima of the potential fluctuations, and do not need to over-
come the higher barriers. This continues until a diffusive
equilibrium situation is achieved. According to this motfel,
the essential reason for the difference in the activation ener-
gies is the passage of a current in the conductivity case, and
- X not in the thermopower case.

The internal thermoelectric voltage generated by a tem-
perature gradient across the film divided by the average tem-
perature of the film gives the thermopower. This thermoelec-
tric voltage can also drive a short circuit current, the Seebeck
current, characterized by the Seebeck conductivityNor-
mally the conductivity obtained from applying an external

T (b) v voltage is simply called the “dark conductivity.” However,
Er X sinceoy is also measured in the dark, we will call the “dark
conductivity” the “isothermal conductivity”o to emphasize
FIG. 1. Sketch of the effect of potential and compositional fluc-the fact that it arises due to the application of an external
tuations at the conduction-band mobility edge in a conductivityvoltage under nominally uniform temperature conditions,
measurementa) and a thermopower measuremébl In 1(a) the  while oy is due to an internal bias driven by a temperature
electrons need to surmount the highest potential barrier in their pat@radient. The Seebeck and isothermal conductivities can
while in (b) they come into diffusive equilibrium without necessar- hayve different magnitudes since the resistance of the current
ily having to overcome the highest potential peak. filaments is temperature dependent. In the model described
above,o, should have an activation energy comparable-.to
ergy variations at the mobility edge are unaccounted for, th&he experimental evidence reported here supports this model
activation energies are expected to be equal. and also indicates that the macroscopic conductivity is not
A model for the activation energy difference involving highly sensitive to the detailed nature of the current micro-
long-ranged fluctuations depends on two complementary fachannels.
tors are argued by StreEt.Conductivity and thermopower The measurements reported here were made-type
are measured across a macroscopic region of the film, that & Si:H films with gas-phase doping levels of F0and 10°
over a length scale which is much longer than the averagfPH;J/[SiH,], and p-type a-SiH with 1073 [B,Hgl/[SiH,],
period of the fluctuations at the mobility edge. Hence, thesynthesized in a rf glow-discharge deposition system at Xe-
relative weights given to local regions when they are averrox PARC. The films are Ium thick and deposited onto
aged together to give a macroscopic quantity is of crucialCorning 7059 glass at a substrate temperature of 230 °C with
importance. Since conductivity and thermopower depend exan incident rf power of 2 Welectrode area-50 cnf). Ad-
ponentially and linearly, respectively, d&—Eg, local re- ditional details of the deposition process have been published
gions where the potential fluctuations cause a peak act asedsewher&® After deposition of thea-Si:H, coplanar chro-
“bottleneck” and dominate a conductivity measurement, butmium electrodes~500 A thick were evaporated onto the
will contribute more proportionately with other regions in a films. The chromium and film were then scratched0.1
thermopower measurement. mm wide with a diamond scribe to yield two regions each
The other factor that contributes to the difference in thehaving electrodes 1 mm by2 mm, with a separation be-
activation energies is that in a conductivity measurement &veen each electrode of 0.9 mm. These electrodes yield lin-
current necessarily flows across the film, while in a ther-ear current-voltage characteristics for applied voltages in the
mopower measurement in an open circuit configuration, neange+40 V to less thant10 3 V.
current flows. When the conductivity is measured charge car- The experimental configuration is as follows: two copper
riers must overcome the highest potential barrier in theiblocks with resistive heaters are4 mm apart in a shielded
path, while this is not necessary in a thermopower measureracuum chamber. The sample is mounted across the two
ment. Hence the conductivity activation energy will be theheated blocks with the scratch across the sample in a trans-
energy difference between the Fermi energy and the energyerse direction in relation to the blocks. Two typehermo-
value of the highest potential peak in the conduction path, asouples, with wire thicknesses 6f0.1 mm measure the tem-
illustrated in Fig. 1a). Note that it is exactly this local region perature of the sample at the chromium electrodes adjacent
that is given the heaviest weight by the exponential depento each block. The thermoelectric voltage generated when
dence of the conductivity. On the other hand, as shown irthere is a temperature difference across the film is measured
Fig. 1(b), the thermopower activation energy measures thavith the copper lead from each thermocouple. The two elec-
energy difference between the Fermi energy and the meamodes not involved in the thermopower measurement are
energy of all the fluctuations along the conduction path.used to measure the Seebeck current and the isothermal cur-
Hence, in this model the activation energy difference is arent(in a different run.
measure ofithough not directly equal jothe amplitude of All measurements are taken after the film has been an-
the fluctuations. In a percolative picture, Fig. 1 would shownealed at 470 K fol h and then slowly coolet~1 K/min)
the energy variations along the least resistive spanning cluge the initial measurement temperature. Thermoelectric volt-
ter, and the critical energy for conduction is then the energyges and Seebeck currents are measured for temperature dif-
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FIG. 2. Thermopower as a function of inverse temperature for G, 3. Seebeck® symbolg and isothermalO symbolg con-
a-Si:H doped with(a) 10° (O symbols and 10 ppm(O symbols  gyctivities for thea-Si:H films of Fig. 2. The conductivities are
PH; and (b) a-Si:H doped with 1000 ppm 1 ( symbols. equal, with activation energies significantly larger than the ther-

mopower activation energies.
ferencesAT=+6 K down to =1 K, while maintaining a
constant average temperature of the filly,,. The ther- eV, while the Seebeck conductivity activation energies are
mopowerS(T,,¢ is then obtained by taking the slope of a 0.28 and 0.35 eV, respectively. The activation energies of
plot of the thermoelectric voltage against temperature differand o, for the p-type sample are 0.60 and 0.62 eV, respec-
ence, QV/AT)Tan. The Seebeck conductivity af,4 is  tively. Error bars for conductivity activation energies are less
given by than 5 meV. All activation energies cited are measured at
high temperature, when the defect structure is in thermal
I equilibrium, though the agreement betweeland oy is also
US(Tan)=g(E) / S(Tavg evident in the low temperature “frozen” state. In all cases
Tavg the activation energy of the thermopower is less than one-
half that of the isothermal conductivity, while the activation
where @I/AT)y_ is the slope of the plot of Seebeck current energies for the Seebeck and isothermal conductivities are
against temperature difference agds a geometrical factor. within 3% of each other. Had the Seebeck conductivity acti-
The isothermal conductance is found in a second run whewmation energy differed significantly from that of the isother-
an external voltage is applied across the filmA&t=0 and  mal conductivity, then a model involving long-ranged fluc-
the resulting current is measured. The Seebeck and isotharations could not remain a viable explanation for the
mal conductivities are obtained by multiplying the corre- activation energy difference.

sponding conductance by the same geometrical factdhe Moreover, the magnitudes ef and o are identical even
experimental apparatus and measurement procedure are dReugh the isothermal currerfvhich is adrift curren is
scribed in detail elsewhefe. more than a factor of f0larger than the Seebeck current

Figure 2 shows the thermopower in dimensionless unitgwhich is diffusive in naturg, which suggests that in both
against reciprocal temperature. The 1Gnd 10° n-type  cases the same states are involved with electronic transport.
films have high-temperature activation enerdigs=—0.089  The agreement of the activation energies of the isothermal
and —0.16 eV, respectively, while the-type film has and Seebeck conductivities suggests that electronic conduc-
Es=+0.18 eV. Typical error bars foEg are~8 meV. The tion in amorphous silicon occurs through inhomogeneous
experimental temperature range for the more resigtitype  current filaments, while the agreement of the magnitudes in-
sample is limited since at lower temperatures the experimerdicates that these microchannels remain Ohmic for electric
tal RC time constant does not allow a saturation of the therfields as low as 0.01 V/cm and thermal gradients of 60 K/cm.
moelectric voltage in a reasonable time. In both the isothermal and Seebeck configurations one is

Figure 3 showss and o for the n- and p-type a-Si:H = measuring the internal bulk resistance of the amorphous sili-
films. The change in slopes for tietype samples at about con film, however the magnitudes of the two conductivities
80-100 °C indicates the equilibration of the defectcould still differ. For example, it is conceivable that local
structuré?! The thermopower plot also shows a change ofstructural inhomogeneities could create a high resistance re-
slope at this temperature. The slow rate of cooling after angion of a current microchannel near one of the electrical
nealing prevents the change of slope to be seen ipidtype  contacts. In a Seebeck current measurement this contact can
sample. The 107 and 10° [PH,J/[[SiH,] n-type films have be at a higher temperature than the average temperature of
isothermal conductivity activation energies of 0.29 and 0.34he film, thereby decreasing the resistance of this bottleneck
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section compared to an isothermal current measurement attype dopeda-SiCH films with a fixed doping level, but
the same average temperature. If the high resistance regisarying carbon contenx, we have found a systematic in-
has a local activation energy of a few tenths of an eV largetrease irE,— E, as the carbon content is increased, reflect-
than the rest of the filament, then for a thermal gradient oing the increasing structural disorder encountered by elec-
AT=6 K, as used in our experiments, the average resistanggons at the mobility edge.

will be 15% less than the isothermal resistance, which is Finally, we note that long-ranged fluctuations should lead
certainly within our detection limits. Of course teSiH g the coexistence of localized and extended states at the
film will contain a range of high and low resistance regions,mapjjity edge, which implies that &=0 K the differential

in a complex series of parallel and series interconnection%onductivity o(E) can be both zero and nonzero. However,

with the dmotst resw%:: f]??'Or;S tnhOt ant”b“t'nfg tolthe avgr'this is a zero temperature argument, and the relevance of the
age conductance ot the tiim. in the absence ot a clear un .efﬁobility edge at finite temperatures in the presence of a short
standing of the microscopic nature of the heterogeneitie

leading to the filaments, it is nontrivial to determine the av_%5—10e24A) melasng scattering length remains open .to

eraging procedure under thermal gradient and isotherm ebate’” The experimental results reported here, supporting

conditions2? % e influence of long-ranged fluctuations on electronic trans-
Disorder at the mobility edge may be due to a combinafortin a}mo.rphous semiconductors_, yvould appear to justi.fy a

tion of both structural and Coulombic potential fluctuations.'@&Xamination of the nature of a finite temperature mobility

Assuming that the disorder at the mobility edge arises solel§fd9e-

from potential fluctuations, calculations of the magnitude of We gratefully thank R. A. Street and C. C. Tsai of Xerox-

. . ,11,19,23, . . i
tmhgifa\lligﬁgfn Fi Sa;easr']%nglcggﬂyelizz th&gy}leugﬁjpaiir;nPARC for providing thea-Si:H films and acknowledge many
gs. » SUg9 9 ruitful discussions with E. D. Dahlberg and B. Shklovskii.

from structural inhomogeneities must also be considered, . . .

Such inhomogeneities are difficult to characterize since the e also would also _I'ke to thank_ w. Bey_er for discussions of
depend sensitively on the microstructure of the films. NeveriN€rmopower experimental designs. This research was sup-
theless, general trends may be established, such as alloyiRQ"t€d by the University of Minnesota, NSF Grant No.
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