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LETTER TO THE EDITOR 

Metastable effects in the DC conductivity of 
hydrogenated amorphous germanium 

M Meaudret, R Meaudrei and C GodetfO 
t Depanement de Physique des Materiaux (UA 172 CNRS), Universite de Lyon I, 
43 Boulevard du 11 Novembre 1918,69622 Villeurbanne Cedex. France 
$ Laboratoire de Physique des Interfaces et des Couches Minces (UPR 258 CNRS), 
Ecole Polytechnique, 91128 Palaiseau, France 

Received 4 December 1990 

Abstract. We report on the effect of thermal equilibration on the dark conductivity of 
undopedoptimized a-Ge:H with anoptical gapof 1.03 eV. The freeze-in temperature T,is 
about 160°C. The isothermal relaxation of the conductivity follows a stretched exponential 
function. The inverse equilibration time r- '  is thermally activated with an energy E, of 1.4- 
1.5eV. 1tisthenshownthat.ascomparedwith thevaluesfora-Si:H, T,,randE,areonly 
slightly different. The results are fully consistent with the model of dispersive diffusion of 
hydrogen. 

Thermal equilibrium processes induced by quenching in undoped a-Si: H have been 
extensively studied (Street and Winer 1989). The results provide strong support for the 
idea that hydrogen motion underlies the various metastable effects observed in this 
material. Such effects have also been studied in hydrogenated amorphous alloys derived 
from silicon:a-Si, C:H (Xu etal 1988), a-Si, N:H(Shimizuetal1989), a-Si, Ge:H, F 
(Liu er al 1990). In contrast, it is surprising that no investigation of a-Ge: H has been 
undertaken, as similarities exist between parameters that influence metastability in this 
material (table 1); in fact, the two materials should behave in the same way. We propose 
to verify this prediction by studying the changes induced in the DC conductivity of 
a-Ge : H by quenching. 

The samples used were grown in the ARCAM reactor (Roca i Cabarrocas etal 1987) 
by using the radiofrequency plasma decomposition of GeH, diluted at 1% in HI with a 
high RF power density. The deposition conditions have been shown to give optimized 
a-Ge: H films (Godet et a1 1990) with, in particular, an Urbach tail as sharp as the one 
found in device quality a-Si:H. The deposition conditions and some of the initial 
properties of the films are given in table 2. 

Details concerning all thermal treatments and conductivity measurements are given 
in a previous paper (Meaudre etal 1988), but for a-Ge : H, the temperature is maintained 
at lower than = M O  "C to avoid the out-diffusion of hydrogen. 

Arrhenius plots of the dark DC conductivity U are reported in figure 1. The 
equilibration temperature T, above which the conductivity is independent of the prior 
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Table 1. Bmdingmcrgy. prefarror D:,and ac11\3110n energy E,,  or the dalluh,on coelficients 
ofhbdrogenina-Sr H(Sirceterol1987)anda.Ge H(Beyererol1990~ 

a-X:H X-X bindingenergy X-H bindingenergy Do EH 
material (eV) (ev) (10-?cm-'s-') (ev) 

a-Ge:H 1.9 2.9-3 ~~ ~ &5 1.bl.S 
a-Si : H 2.3 3-3.2 0.8 1.5 

.. .~ , , , . , , , .  , , , , , . ,  ~~~~ ~~~~~~~ ~ ~~~~~ ~ 

Table 2. Deposition conditions and propertiesof the sample. T, is thesubstrate temperature. 
EG the Taw gap, Eu the inverse slope of the Urbdch tail acquired with photothermal 
deflection spectroscopy, Ns the EPR dangling bonddensity and N(&) the densityofstatesat 
the Fermi level derived from transport measurements on Schottky barriers (Kleider er a1 
1989). 

Ts Gasmixture Power Pressure Hcontent Ec E,, Ns 
("C) and flow rate (Wcm-') (Torr) (a t .%)  (eV) (mev) (cm-') (cm"eV") 

2 25 3 3. 
i0OOfTIK~'l 

Figure LTemperaturedependenceofthe ~ c c o n -  
5 ductivity fortwocoolingratesfrom 1gO"Ctoroom 

temperature: Q, 10"C~~~:sc ,O.O5~Cs~ ' .  

thermal history of the sample is 160°C (180°C-2M30C in undoped a-Si:H), and it  is 
observed that, asin a-Si: H films, the thermal quenchinglowerso.The timedependencc 
of departures from equilibrium dark DC conductivity is well described by a stretched 
exponential function exp(-(r/?)e) (figure 2)  and the inverse relaxation time T-' is 
thermally activated with an energy E, of about 1.4-1.5 eV (figure 3). a-Ge:H presents 
abehaviourquitesimilartothatofa-Si:H, and thevaluesof TE,~.E~differonlyslightly 
from one material to another. 

Let us show that these results agree quite well with the model of dispersive diffusion 
of hydrogen as proposed by the Xerox group in the case of a-Si: H (Kakalios et nl1987, 
Street el al 1988) and just recalled here. At high temperature, thermal equilibrium is 
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log tO t l  SI 

Figure 2. Time dependence of the normalized reduced conductivity at different tempera- 
tures. Thefullculvesarefitted tothedatausingthefunctionexp(-(i/r)@) withvaluespand 
z given in the figure. 

reached; when the material is quenched, its structure is frozen in and the return to 
equilibrium is made via the diffusion of hydrogen, which can be described as follows: 

(i) hydrogen is first released from Si-H bonds; then a mechanism whereby interstitial 
hydrogen is inserted into weak Si-Si bonds, determines the long-range hydrogen motion 
and the bonding rearrangements; 

(ii) hydrogen hops via interstitial sites from one bonded site to another which con- 
stitutes the basic diffusion step; 

(iii) an exponential distribution of diffusion sites energies leads to a stretched 
exponential decay of properties that are influenced by hydrogen motion. 

Thedarkconductivityisdirectly linked to the gapstates whose rearrangement is induced 
by dispersive hydrogen diffusion and then follows a stretched exponential function 
(Meaudre era1 1991). 

If thermal relaxation in a-Ge :H is due to the motion of hydrogen, our results show 
that the diffusion coeficients of hydrogen in a-Si:H and a-Ge:H have nearly equal 
values. Consequently, that implies similar activation energiesof the hydrogen diffusion 
coefficient and similar distributions of diffusion site energies in the two materials 
(Jackson er all989). 

Let us first address the activation energy EH of hydrogen, and consequently E, 
(Jackson et ai 1989). According to Muller (1988), three contributions to EH can be 
identified in the case of a-Si: H: (i) electronic excitation of a weak S i s i  bond requiring 
an energy Eex; (ii) transfer of a density fluctuation to Si-H sites triggering the H release 
and requiring an energy Ed; and (iu) interstitial motion of a hydrogen atom requiring an 
energy E,,,, i.e. EH = E,, + Ed + E,,,. In a-Ge : H  one has E,, = E, - EF = EF - E, = 
0.5-0.55 eV (figure l), where Ec, E,  and EF are the conduction band and valence band 
mobility edges and the Fermi level, respectively. By analogy with crystalline germanium, 
E,,, = 0.4 eV (Franck and Thomas 1960). As the slopes of the conduction band and 
valence band tails of our a-Ge : H are similar to those found for a-Si : H (Godet eta( 1990, 
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1 Figure 3. Temperature dependence of the time 
constant r .  

1991), and taking account of the different values of the energy gap EG = 1.03 eV and 
effective correlation energy U = 0.1 eV (Stutzmann et a! 1989), Ed is easily obtained 
from the reaction energy of the bond-breaking reactions given by Muller (1988), 
i.e. 0 < Ed < 0.3 eV. The sum of the individual contributions then yields 
0.9 < EH < 1.25 eV. The same reasoning applied to a-Si: H leads to 1.4 < EH < 1.8 eV 
(Muller 1988). These estimates show that the activation energies of hydrogen diffusion 
coefficients should not be too different in a-Si: H and a-Ge: H. They are in reasonable 
agreement with experimentally observed values of EH and E, (table 1, figure 3). 

Let us now consider the values of relaxation time z and equilibrium temperature TE. 
According to a model put forward by Street and Winer (1989) in their discussion of 
defect equilibria in undoped a-Si :H, the distribution of hydrogen bonding energies in 
Si-Si bonds has the same shape as the valence band tail (except for the doubling of the 
energy scale) and so will be an exponential of slope (2 kTv)-t, kT, being the charac- 
teristic energy of the valence band tail which can be assumed to be close to the Urbach 
energy E,, (Godet er ai 1990). Applying the same model in the case of weak Ge-Ge 
bonds, it is clear why a-Ge:H and a-Si:H have roughly the same TE and z. Indeed, 
because of the correspondence between the valence band tail and the hydrogen dis- 
tribution of trapping sites it is expected that our optimized a-Ge: H with an Urbach tail 
as sharp as the one found in a-Si: H has roughly the same distribution of trapping sites 
(providing a similar density of states at E,) and then similar t and TE since equilibration 
is due to dispersive diffusion in these exponential distributions. As expected from this 
model, the slightly higher hydrogen diffusion coefficient measured in a-Ge: H (table 1) 
leads to values of TE = 160°C only slightly lower than those observed in a-Si :H (18& 

Since we have shown that the values of z and TE measured in a-Ge : H and a-Si : H 
are only slightly different, although in a-Si:H the defect density Ns is two orders of 
magnitude lower than in a-Ge : H (table 2), we wish to discuss and refine the affirmation 
sometimes claimed according to which the diffusion coefficient of hydrogen and thus the 
values of z and TE depend strongly on the defect density. The higher defect density 
measured in a-Ge: H is easily explained (Godet et ai 1991) in the light of the entropic 
equilibrium model of Smith and Wagner (1987). According to this model the defect 
density increases rapidly with E ,  or when the dangling bond energy E D  decreases (ED 

200 "C) . 
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is measured with respect to the valence band mobility edge taken as the origin of the 
energy). If E,, takes similar values in our a-Si:H and a-Ge :H samples, this is not the 
case for ED. Indeed if we assume that the Fermi level is pinned between the Do and D- 
defect state distributions due to Ge dangling bonds and separated by U = O. 1 eV, the 
activation energy of the dark conductivity E, = E, - EF = 0.52eV, is fully consistent 
with E,  = 1.03 eV and ED = 0.5 eV. For a-Si:H one has ED = 0.8 eV; we have then 
shown (Godet et a1 1991) that the difference in the energy position ED allow us to 
explain the large difference in the dangling bond density quantitatively. 

According to the above discussion of the multi-trapping model of diffusion of hydro- 
gen, for samples having the same ED (and EF), z and T, must increase with E,, and 
consequently Ns.  On the other hand, for samples having different ED there is no reason 
for 5 and TE to be correlated with Ns.  This is what we have observed in this study. 

Finally, although the above-quoted model is quite satisfying in explaining the main 
experimental features, we wish to make two remarks. First, according to the inter- 
pretation of thermal relaxation in terms of dispersive diffusion of hydrogen, the para- 
meter p of the stretched exponential function should be given by p = T/2Tv. Thus in 
thetemperature rangestudiedandwith Tv = 550 K,pshoitldbeabout0.35-0.4,whereas 
experimental values are about 0.65-0.82 (figure 2). Secondly, in the case of a-Si:H, 
Street and Winer (1989) observed that the energy to form mobile hydrogen interstitials 
(1.5 eV) is close to 2 Eo. Although this feature could be consistent with their model, the 
authors queried whether or not this is a coincidence. It is clear that in the case a-Ge: H 
such a relation does not hold. 

In conclusion, although having much higher defect densities than a-Si: H, a-Ge: H 
prepared under optimized conditions shows thermally induced metastable effects quite 
similar to those observed in a-Si : H. The slight differences observed in the values of TE, 
5 and E, are fully consistent with the model of dispersive diffusion of hydrogen and the 
diffusive rearrangement of Ge-H bonds as proposed by the Xerox group and Muller 
(1988). respectively. 
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