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We present and discuss the first noise measurements on hydrogenated amorphousasticbl) (inder
nonthermal equilibrium conditions. Under steady-state illumination noise measurements are carried out for
temperatures ranging from 100 to 450 K. We conclusively identify generation-recombination noise as the
prevailing noise mechanism in intrinsée Si:H. We examine the dynamics of holes with noise spectroscopy in
n-type devices that include thermal activation from the hole quasi-Fermi level, a clear Meyer-Neldel relation
pointing to a temperature dependence of the hole quasi-Fermi level, and diffusion-limited transport to recom-
bination centers at low temperatures. The variance is found to be independent of illumination intensity,
indicative of a uniform distribution of defect states throughout the gap. Noise measurements further suggest
that metastable defects are created close to midgap in degraded samples. Under conditions of electron injection
we find that the noise becomes space-charge suppressed, similar to what has been observed in crystalline
semiconductord.S0163-182808)07131-9

I. INTRODUCTION Il. EXPERIMENT

For a description of the experimental setup and the de-
In the preceding paper we have investigated noise in invices used in this study we refer to the preceding paper. As a
trinsic hydrogenated amorphous siliccs §i:H) under ther-  light source we used a battery-powered light-emitting diode
mal equilibrium conditions in great detail. We managed towith a photon energy of 1.96 eVA(~635 nmj. This energy
obtain quantitative information on the distribution of activa- is large enough to ensure optical band-to-band excitation.
tion energies and the attempt rates of the fluctuators. In ordéret, the absorption coefficient af-Si:H is small enough, at
to interpret these results we have discussed general optiotisis energy about focm™?!, to allow for illumination
for noise mechanisms ia-Si:H: (i) Fluctuations in the mo- throughout thea-Si:H film. Checks for residual effects of
bility of electrons due to structural rearrangements énd inhomogeneous illumination over the contact area were al-
fluctuations induced by generation and recombination ofvays negative. The maximum absorbed intensityl s
charge carrierGR noise. Although the experimental re- ~10 wW cm 2. The illumination intensity is attenuated us-
sults are remarkably well explained, even quantitatively, by dng neutral density filters. The intensity scale used is normal-
model for GR noise involving a uniform distribution of traps, ized with respect tol,, i.e., I/l;=1 corresponds to
we could not make a definite assignment based on thermadld xW cm™2. At these low light intensities we may neglect
equilibrium noise measurements only. This paper extenddegradation effects during the measurements. The depen-
our search for the leading noise mechanism in intrinsiaddence of the noise on various parameters demonstrates that
a-Si:H to nonthermal equilibrium conditions. Noise mea-the fluctuations are intrinsic ta-Si:H and not produced by
surements of conductivity fluctuations &-Si:H are pre- the light source. In the following we will present the results
sented under steady-state illumination. In addition, we invesef noise in the photoconductivity for some illumination in-
tigate the effect of electron injection by the cathode. Opticakensities as a function of temperature and voltage. Most data
excitation or electron injection are accepted means to contrakere taken in the same run as the noise measurements in the
the quasi-Fermi energy of electrons and hdlés. dark and presented in the preceding paper, allowing for a
This paper is organized as follows. A short description ofsafe comparison. Where data are obtained in separate mea-
the experimental procedure is presented in Sec. Il. In Sec. llsurement runs it is clearly indicated.
we start with photoconductivity measurements. Then the
noise measurements follow under steady-state illumination,
under the condition of electron injection, and both at the IIl. RESULTS
same time. We further investigate the effect of light-induced
degradation ofa-Si:H on the noise. In Sec. IV, hydrogen
diffusion is shown to be much too slow to explain the noise For a correct interpretation of the noise data it is impera-
data. We conclusively demonstrate that the noise Bi:H is  tive to carefully characterize the electrical conductivity in
induced by generation and recombination of electrons andur devices. A typical result of a current-voltage measure-
holes and limited by the dynamics of the minority carriers,ment under illumination I{l1,=1) is shown in Fig. 1. We
i.e., holes, also under nonthermal conditions. Finally we dis€an distinguish a lineafOhmic) part followed by a gradual
cuss noise spectroscopy as a tool for characterizing the disransition to the space-charge-limited current regime for high
tribution of defect states in the gap. voltages. The Ohmic part extends to higher voltages than in

A. Photoconductivity
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FIG. 1. Current-voltage characteristic under illumination at

313 K FIG. 3. Low-temperature sample conductivity fofly=1.

These measurements were carried out on a sample from a different
batch than that of Fig. 2.
the dark, which is indeed expected since the free-electron
density is larger and more carriers are to be injected for &ith Eg, the electron quasi-Fermi levell,, the Meyer-
detectable effect. Neldel temperature, ané, the conduction-band mobility

In Fig. 2 we plot the high-temperature dependence of thedge.T,, is the temperature at which the three curves in Fig.
photoconductivity o, for 1/1p=1 (triangles and 3.3 2 intersect and equals 450 r kgT,,=40 me\) for this
X 102 (diamonds. The dark conductivityry is also shown  device.
(squares Under illumination, we can perform noise mea-  The plateau at intermediate temperatures is generally ob-
surements down to lower temperatures, as we will see lateserved and may even develop into a local maximum in low-
Therefore, we present in Fig. 3 the low-temperature photodefect-densitya-Si:H.5 A comparison of Figs. 2 and 3 shows
CondUCtiVity, which was measured on a device from a dlffer-that thea-Si:H film from the second batch has poorer qua|-
ent batch. Three regions can clearly be distinguished. Aty, considering the less-pronounced plateau and the smaller
high-temperature region wheus,, is thermally activated, an  conductance.
intermediate plateau regiofaround 300 K, and a low- At low temperatures the electron drift mobility strongly
temperature region where the photoconductivity dropsises with temperature and finally saturates at the free-
sharply with decreasing temperature. electron mobility near room temperatfr&his explains the

At high temperatures, the number of thermally excitedsteep increase of the photoconductivity with rising tempera-
electrons exceeds that of optically excited electrons so thatjre. The shoulder or local maximum, usually near 200 K, is
the conductivity becomes thermally activated, as observegelieved to originate from the speedup of electron-hole re-
earlier in the dark. The measured activation enefgyis,  combination. There, thermal excitation of holes out of so-
however, smaller than in the dark, pointing to a shift of thecalled safe hole traps becomes feasible and adds to the al-
electron quasi-Fermi level towards the conduction-band moways present radiative tunneling recombination that
bility edge. The measured activation energies and conductidominates at the lowest temperatures. These safe hole traps
ity prefactorsoy are also indicated in Fig. 2. We obserrg  are localized electronic states that may readily trap a hole but
to change with illumination intensity. The exponential de-do not suffer from recombination since they have a very
pendence ofry on the (quasiy Fermi levelEg, is usually  small cross section for electron captdr&he increased re-
referred to as the Meyer-Neldel relatibor compensation combination due to thermal excitation of holes out of safe
law,* which reads hole traps lowers the conductivity at intermediate tempera-
tures.

0= 000X (Ec— Egn)/(KgTm) ], 1
B. Noise measurements

—

107 The noise measured in the dark was well explained in the
_ 5 E 20336V previous paper by the GR noise model for recombination of
= 10 \ I carriers in a semiconductor with a distribution of trap levels.
) o3k s, ] The rate constant that characterizes the noise spectra was
= E0.58ev identified as the emission rate for holes from the Fermi en-
g 1074k MR ergy to the valence band, because the holes limit the recom-
-] E=0.73 eV bination. We now examine what happens under illumination.
§ 1031 i Under illumination we are dealing with a nonthermal equi-

o6 librium situation: The traps can only reach a quasithermal

et equilibrium with the conduction band characterized by an
20 22 24 13060/%81(,?'0 3.2 34 electron quasi-Fermi levelsee the previous paragrapbr
& with the valence band characterized by a hole quasi-Fermi
FIG. 2. Sample conductivity vs temperature in the dark @nd level, but not with both. This is not thermal equilibrium
for two illumination intensities, 1/1,=1 (A) and I/l, situation, but only a steady state, prescribed by detailed bal-
=3.3x1072 (0). ance. It is of interest to see what happens to the characteristic
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rates in case we shift the quasi-Fermi levels. Under illumi- T 04f 3
nation the holes are thermally excited from the hqlest g 02F P 3
Fermi level and the characteristic rates in GR noise spectra 107 02 10 102 o

change in a predictive manner: At elevated temperatures, the t,
characteristic rates will be thermally activated with an acti-

vation energy that depends on illumination intensity. FIG. 5. (a) Noise spectra of fluctuations in the photoconductiv-

ity for two different light intensities(b) Same spectra multiplied by

frequency to expose the corner frequency to better advantege.

Both spectra are shown with the peakf&, /V? normalized to 1
In Fig. 4 we plot the relative noise intensity versus fre-and the horizontal scale weighted by. The solid lines are fits to

guency at 418 K and under illumination withl ;=1 (curve  the data for diffusion in one dimension.

a). For comparison we also show the spectrum at this tem-

perature without illuminatioricurveb, see also Refs. 9 and

8). One of the striking properties of the spectrum measure um tends to broaden to a shape observed in the dark, which

under ?Ilumination compared to those in the dark is that its, ¢ peen extensively discussed in the previous paper. This
curve Is more pronounced, and corrgspo_nds_ t0 @ Narrowey,iyersy| shape justifies the consideration in the discussion
distribution of rate constants. Indeed, illumination reduces Ofy¢ 1o next section of yet another noise mechanism than gen-
even eliminates band bending, which is one of the broadens aiion and recombination of charge carriers. The spectra
ing mechanisms in the dark, and probably accounts for p"’“Gery much resemble those found for diffusion noise: Char-

or all of the narrowing of the spectra. On the other hand, W&, e igtic for a diffusion spectrum is the shape universSiity
note that illumination introduces an extra broadening mecha; 4 4 spectrum that falls off at high frequencies with

nism related to the finite penetration of the absorbed light, 321112 gjmilar to our observations
Further, we argued in Ref. 9 that a distribution of binding Th’e temperature dependence fof for the noise in the
energies for holes bound to negatively charged defects m

Iso lead t tral broadeni M wdv i ded 1 hotoconductivity at several illumination intensities is sum-
also lead 1o spectral broadening. More study Is neede arized in Fig. 6 and Fig. 7. The temperature dependence of
decide which is the more dominant mechanism. In this con-

. ; . o, is included in each graph. The data in Fig&)6and 6c)
nection, we suggest to reduce broadening due to mhomogg\;’éhre measured at an illumination intensity dfl,

neous absprptipn t_)y employing Qevices with transparent con-. 3.3x10 2 andl/ly=1, respectively, and those in Figc
tacts a}nd |Ilum|n§1t|on on both sides. . . ._,. inthe dark. The low-temperature data are shown in Fi¢®. 7

As in the previous paper, we can identify a characterlstlcand 7b) for 1/1,=1 and1/l,=2, respectively. Recall that
frequencyf,, defined as the frequency where the slope of thethe low-temperature data are taken in a different measure-
spectrumd In S,/d In f, is equal to—1.2° This frequency is

' iently determined aft ltinlviga /\V2 with ment run and from a device of a different batch. The most
maost conveniently determined after multip Yisy wi salient feature is the similarity of the temperature depen-
frequency as shown in Fig. 5, pane). The spectra pre-

ted in this fi d at t H dence off; and o, both in the dark and under illumination.
seg N 'Illn S tlgure \'Atlrellr/el m_egslure dal room ertr_lpelra l_Jl_rr? arKs for the conductivity, three regions can be clearly distin-
under iiumination wi o=5.1 and 1, respectively. 1he guished forf;: A high-temperature thermally activated re-
characteristic frequency was found to increase almost lin

A N ) gime, an intermediate plateau region between 200 and 300
early with illumination intensityf ;< G%® (not shown. From 9 P g

. o K, and a low-temperature part in whidh decreases with
the GR noise model we expect the recombination rate, e b P dh

Xdecreasing temperature.
tracted fromf ;, to increase with the generation rate of holes, ¢ P

since every hole must recombine within the sample.
Strikingly, the shape of the spectrum is observed to be
virtually independent of illumination intensity fol/lg In Fig. 4 it is observed that the noise intensity is little
=3.3x10 2. This is shown to better advantage in Figc)s  affected by the presence of illumination. This behavior was
In that picture we have normalizetiS,/V? to the peak found for a range of illumination intensities at room tempera-
height and the frequency scale is weightedfpy The two  ture in Fig. 8(open squargswhere the measured spectra are
curves perfectly overlap, showing the universal spectralintegrated and compared with the variance measured in the

1. Spectral shape

hape. At illumination intensitie 1 ;=<3.3x 102 the spec-

2. Variance
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sion in a vacuum diode from the cathode to the vacuum
level, in a semiconductor or insulator electrons can be in-
jected from a contact when a sufficiently strong electric field
is applied™® Our devices are equipped with electron injecting
dark (triangles. In spite of the restricted frequency domain, contacts only’. Applying the electric field then results in the
the integration could be carried out with relatively high ac-buildup of space charge. Above a certain field strength, the
curacy because the integrals converge rapidly thanks to thiejected electron concentration exceeds the thermal equilib-
strong deviation from pure f./behavior. rium concentration. This results in the superlinear depen-
In the preceding paper we show tH8§/V? in the dark  dence of the current versus voltage in our samfdes Fig.
rises foIIowir!g degra(_iation. We carried out a similar_ degra-). Since many traps are presentirSi:H, a good fraction of
dation experiment, with the same modest light soaking contne injected carriers will be trapped. This trap filling is re-
ditions, and measured the noise in the photoconduCtivityjected in the superlinearity of tHeV curve. Thel-V curve
with 1/1o=1. No change o8, /V* could be observed at all. (harefore provides information on the density of states in

Even after exposure fdl h to ahalide lamp, with a much o, aeq  space-charge-limited-curref6CLC) - measure-

thhner integ{gtebd Iightt ir;tednsity iOf Ar']Vl vvlr%S,inorII:I?/ (aeTirc?a” ment. We now investigate for the first time the effect of
change cou € detected as IS sho 9is electron injection on the noise & Si:H.

squares The full spectra beforécurvea) and after degra- In Fig. 10 we plotS,/V2 in the dark at 343 K for a

d_atlo_n(curveb) are pre_sented In Fig. 9. Only at low frequen- sample subject to three different degrees of degradation. The
cies is there a clear difference between the two data sets. ~ ~. ™. . . 2 .
noise intensity of the annealed sample is also indicated. Fig-
3. Electron injection ure 11 showsS,/V? vs V under illumination withl/I,=1.
A th | ilibri ituati 0 b ted b In all cases we observe a suppression of the noise in the
- pon erma ?qun rlumtS| ;Ji\'onl can a?o Ie ctrea € .ymjection regime. This suppression effect is well established
INjecting carriers from a contact. Anajogous fo electron emis;, crystalline semiconductors both theoretically and experi-

FIG. 6. Corner frequency, and conductivity vs inverse tem-
perature(a) in the dark,(b) for 1/1,=3.3x10"2, and (c) for /1,
=1. Activation energies and attempt rates are indicated.

103 o mentally for 1f noise due to mobility fluctuationéand GR
g0 o’ °° P noise involving a small number of trap levéfst® In any
107% fiooe N L case, the degree of suppression is inherently sensitive to the
% 1olk a Lt : J106% injecting properties of the contacts that, unfortunately, could
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FIG. 10. S, /V? vs voltage at three stages of degradation. The FIG. 12. Schematic illustration of a typical diffusion spectrum
conditions for degradation are those described in the preceding p@ a sample with dimensiong>1,>1;.
per. The effect of electron injection is to suppress the relative noise
intensity. At high voltages, /V?«1/V. mobile in these metals. It is worthwhile to review diffusion
noise and discuss it for the caseafSi:H, and see whether
it can be of importance.

The noise spectrum for diffusion of a particle in one di-
mension is given b

not be controlled to a sufficient degr&ein spite of the care
taken in device preparation.

L2
IV. DISCUSSION S(w)ocﬁ[l—e‘ﬁ(cos 6+sin 6)], (2

We will give a critical discussion of the two prime noise |, hare g= L[w/(2D)]*2 L is the sample length, arid the

mechanisms left in relation to the noise data in the dark a”gliffusion coefficient. The low-frequency spectrum goes as
under illumination. First we examine hydrogen diffusion. -1 and the high-i‘requency part as 2. For diffusion in

Next, dwe ;V'Ifl ftgthecrj iga?ora_te the GRf noisg mOdel.lfre'.three dimensions, in a sample with dimensidpsil,<I5,
sented in Refs. 9 an or situations of steady-state lllumiz,, spectral dependencies instead of two can be identified,

nation. separated by three characteristic frequenties:
o w 2 for w>2D/I%,
A. Hydrogen diffusion 5 5
. . . . o Y2 for 2D/I7>w>2DI/I3,
Device quality a-Si:H produced with plasma-enhanced Su(@)={ ) ) (3)
chemical vapor deposition contains about 10 at.% of hydro- " for 2D/15>w>2D/13,
gen. The incorporation of hydrogen has a large impact on the const forw<2D/I§.

electronic properties of amorphous silicon, because it re-

duces the number of dangling bond defects and releasddhis is illustrated in Fig. 12. The high-frequency behavior of
stress. It has further been suggested that hydrogen motion #sdiffusion spectrum in one dimension is the same as in three
involved in the creation and annihilation of metastable de-dimensions. For our devick,l3>1, and diffusion in one
fects. For these reasons, diffusion of hydrogendefectyis ~ dimension applies.

expected to produce resistance fluctuations. Noise spectra The solid lines in Fig. 5 represent a fit to the data using
produced by diffusion processes always display a highEg.(2). Apart from a vertical offset this equation only hias
frequency tail that falls off withw 3212 exactly the type of ~as parameter. The fits give remarkably good results, although
spectrum that we observe under illumination. Recently, nois&e have observed deviations of the spectral slope both at
spectroscopy in some crystalline and amorphous metals héégh and at low frequencies. Still, the agreement is very sug-
revealed the activation energy for hydrogen diffusion andjestive and justifies a closer inspection.

hopping'®~?? Indeed, hydrogen is known to be relatively ~ With a corner frequency measured by=D/(wL?), the
diffusion coefficient can be calculated. For a device length of
10"* cm and withf, between 1 and T0s*, the diffusion
coefficient ranges from 1¢ cn? s ' to 104 cn? s de-

- o s . pending on the relevant experimental conditigag., tem-

§ perature, illumination intensijy Knowing that the hydrogen
5 g2 > | diffusion coefficient is of the order 167 cn? s™* at 500 K

z . it is clear that diffusion in the experimental temperature do-
NZ> ’ main is much too slow for hydrogen to reach the sample
iy .

boundary within the relevant time scale. Even if we take for
the characteristic diffusion length neighboring silicon dan-
. : gling bonds instead of the device length, i.e.10 nm in-
oo V%lltgge V) 1.00 stead of 1 um, there is still an orders of magnitude discrep-
ancy. Further, we find experimentally tHgtdepends almost
FIG. 11. S,/V2 vs V under illumination and at 313 K. linearly on illumination intensity. Secondary ion-mass spec-
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troscopy has not revealed such a light-intensity dependence Erp=E¢, +aT, (5)
for hydrogen diffusiorf* We thus have to dismiss hydrogen !

diffusion as the predominating noise mechanism. At highewherea is the level shift per degree Kelvin. Replacifg,
temperatures hydrogen diffusion may play a role. Howeverin Eq. (4) by Erp and substituting Eq(5) yields

under these conditions our devices strongly suffer from con-

tact noisé*!’ f1="foexp( — alkg)exp—[E /(ksT)]. (6)

We thus see that the temperature dependence of the hole
quasi-Fermi energy makes the measured activation energy
A long time ago, van Vliet and Blok have calculated the E¢, and prefactorfoexp(-al/kg) to deviate from the actual

spectrum for GR noise in a photoconductor with one recomquasi-Fermi levelEg, and attempt ratef,. In a-Si:H we
bination level using the Fokker-Planck formaliShThe  expect a significant shift of the hole quasi-Fermi energy with
spectrum was found to be Lorentzian and the integrate@emperature, because the density of states is asymmetric
noise intensitiegvariance$ appear to be close to that found around the quasi-Fermi level. This is particularly the case
in thermal equilibrium. Later, the effects of the addition of a under illumination, when the hole quasi-Fermi level is sig-
distribution of traps throughout the forbidden gap were exqificantly displaced from midgap. In thermal equilibrium
amined and appeared not to affect the lifetime very nfich. when the Fermi energy is close to midgap, we do not expect
Therefore, it is reasonable to assume that the thermal equé strong temperature dependence of the Fermi energy. In that
librium GR noise model is applicable for nonthermal equi-case, the measured attempt rate 8fT0*? s~ is close to the
librium conditions when we let the quasi-Fermi level play actual attempt rate for hole emission arSi:H. Taking f,

B. Generation-recombination noise

the role of the Fermi level in equilibrium. =7%x102s ! and assuming a linear temperature depen-
_ dence of the Fermi energy we find=1.3 meV K ! for
1. High-temperature dependence of &nd o7y, I/lo=1, anda=0.4 meV K ! for 1/1,=3.3X10"2 in our

At sufficiently high temperatures, where thermal excita-devices. The estimated Meyer-Neldel temperature can be de-
tion of electrons exceeds optical excitation, we find that théermined in our device for holes to fig,~475 K.
photoconductivity is thermally activated. The activation en- Sincef; is thermally activated at high temperatures one
ergy depends on the quasi-Fermi level of electrons. Becaug&uld set up a Dutta-Dimon-Horn analysis for the noise un-
the characteristic raté, from the noise spectra is propor- der illumination and determine the distribution of activation
tional to the generation rate of the holes, we also expet  energies.’ However, the Meyer-Neldel effect tells us that the
be thermally activated at these temperatures, but now with afeasured activation energy under illumination never repre-
activation energy that tracks the quasi-Fermi level for holes$€nts the actual activation energy at any relevant tempera-
under illumination. From Fig. 6 it can be seen that this isture. Therefore, a Dutta-Dimon-Horn analysis is of little use
indeed the case. The activation energy decreases with ihere.
creasing illumination intensity corresponding to a gradual
shifting of the quasi-Fermi level for holes towards the va- 2. Low-temperature dependence of f
lence band. This naturally explains that the activation ener- At low temperatures, the recombination is no longer lim-
gies ofE¢, andE, at a certain illumination intensity need not ited by thermal generation of holes, but rather by the rate at
necessarily be identical. which optically created electrons and holes collide and re-

A remarkable result is the strong variation of the attemptcombine. After creation of an electron and a hole, they start
rate with illumination intensity. The attempt rate, also shownmoving apart, their motion repeatedly interrupted by capture
in Fig. 6, strongly decreases with rising illumination inten- at tail- and defect states, and finally recombine either gemi-
sity from the dark value of ¥10' to 7x10Ys™ ! at E; nately or nongeminately. The diffusion time towards recom-
=0.67 eV and further to 21F s'! at E; =0.26 eV. In bination centers produces the temperature dependence of the

L electron-hole recombination time. Here, the diffusion of the

g . 2 _1 -
':_r;elrlmgl ?r?u'“b”um :{hte f%“elmF;]t rate (f)f><7101 s 15 t;g_z;u- hole to the recombination center should be the rate limiting
tully"in the range of typical phonon frequénciesansi:H. step®?® As expected, we find thdt, increases with increas-
Such an identification is clearly not possible under |IIum|na-ing temperature

tion conditions where the attempt rate changes over six or- The observed plateau in the temperature dependence of

dﬁrst of m;gntl_tgtde. Ar\]smliﬁr snua(tjlont_ls_tenco%nt?red In .thethe conductivity is generally believed to be due to thermal
photoconduclivity where the conduclivity pretactor vares g, .iaiion of holes out of safe hole traps leading to increased

e e s e o o gecon 055 by recombinaon The piteay region i e
y Viey . T ?emperature dependence fof is also seen and extends to-
l\_/Ieyer—NeIng relation also. exists fd&: Experimentally we wards much lower temperatures than the conductivity pla-
find thatf, is thermally activated at high temperatures, teau. It is too early to speculate on the detailed shaph of
versusT. A thorough simultaneous investigation bf and
opn is needed in this temperature regime using different illu-
o _ mination intensities and wavelengths. Here, the excitation
However, the measured activation enekgy scales with but  jth infrared light is advantageous because it allows one to
is not necessarily equal to the hole quasi-Fermi en&igy investigate in a selective way the role of safe hole traps on
in caseEg, is temperature dependent. In first order the holethe electron loss by recombination and its relation to infrared
quasi-Fermi level reads guenching of the photoconductivity. It may also be worth-

fi=foexd —Ey, /(kgT)]. (4)
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while to go to lower temperatures where the transporta-Si:H. Further investigations should also focus on the cali-
mechanism changes from extended state transport to tdiration of the variance to theumberof defect states.

state hopping. We stress that noise spectroscopy allows one

to monitor recombination processes in temperature and V. CONCLUSION

excitation-density regimes where a study of recombination

processes via the frequently used method of luminescence 'N€ most remarkable finding of this paper is that the tem-

spectroscopy is virtually impossible. perature dependence bf shows all properties that the dark
and photoconductivity exhibit over a wide range of tempera-
3. The variance tures (80—240 K: a high temperature thermally activated

. . L regime, a plateau around room temperature, and diffusion

The Ob.se.f""?‘“"'.‘ that the variance Of the noise n th_e PhOfimited behavior at low temperatures. Clearly, the same type
toconductivity is virtually the same asin the dark fits in theof kinetics that control the conductivity also govern the

GR model for the case of traps distributed throughout thg, ,ise These include a shift of the quasi-Fermi level of holes,
gap. Then, the variance depends exclusively on the numbef \;ever Neldel effect, diffusion-limited transport of holes,

of traps within~2KkgT of the (quasi) Fermi energy. There- o4 gscape from safe hole traps between 200 and 300 K. We
fore, the observation that the variance of the noise in th%ave made a firm case for GR noise arSi‘H. and can

photoconductivity equals that in the dark, suggests that thg, .,qe hydrogen diffusion because it is far too slow under
defect density is virtually constant over s_everal tenths 9f AMhe relevant experimental conditions. In fact, we can account
electron volt, the range the quasi-Fermi level was shifteds, \iryyaily all our nonthermal equilibrium observations

Calculations of the defect density of states from the defe ithout adding any new assumptions to the theory of GR

poolhrlnode!ffor intrinsic amor;?hc(j)ufs silicon also predicrg @noise under thermal equilibrium conditions, which was de-
roughly uniform distribution of defect states over such agqijneq in the preceding paper. We have established that
noise spectroscopy has a great potential to characterize the

The fact that the variance measured in a degraded sampbeap states and electronic transporgirsi:H. In another pa-

under iIIuminatio_n deviates from the one in the dark, while er we have already described the detailed nature of the main
they are equal in an annealed sample, suggests that me Sfects using noise spectroscdpy.

stable defects are predominantly created around midgap. Un-
der illumination, namely, the defects that have been pro-
duced by light soaking are not observed in a noise
experiment if the quasi-Fermi levels are sufficiently dis- We thank F.J.M. Wollenberg, R. Beelen, and P. Jurrius
placed from midgap, because only the occupancy of defedbr their invaluable technical assistance. We acknowledge
levels close to théquasi) Fermi level is strongly fluctuating. C.H.M. van der Werf and R.E.I. Schropp for supplying hy-
These observations show that noise spectroscopy has thieogenated amorphous silicon films. We would also like to
potential of measuring the density of states distribution inthank W.F. van der Weg for stimulating discussions.
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