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Electronic transitions associated with small crystalline silicon inclusions
within an amorphous silicon host
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Amorphous silicon films were prepared by dc reactive magnetron sputtering under a range of hydrogen or
deuterium partial pressures approaching the phase transition to full microcrystallinity. Tunneling electron
microscopy imaging indicated that these films consisted of 5-50-nm-sized Si crystallites embedded in an
amorphous silicon matrix. The sub-band-gap optical spectra of these films were recorded using photocapaci-
tance and transient photocurrent spectroscopy. These spectra appear to consist of a superposition of a sub-
band-gap spectrum typical of amorphous silicon together with a unique optical transition, with a very large
optical cross section, corresponding to valence-band electrons being optically inserted into empty levels lying
within the amorphous silicon mobility gap. We believe these empty levels are associated with defect states at
the crystalline-amorphous boundaf$0163-182@09)08331-9

Shortly after the development of hydrogenated amorphougnto each film and reverse biased the junction apthe- Si
silicon (a-Si:H) with good electronic properties using the g pstrate. Samples were studied in “state (annealed in
glow discharge and sputtering growth methods, these samge gark at 470 K for 30 minand in a light soaked “state
methods were shown to be able to produce microcrystalling - produced by exposure to a tungsten-halogen light source
Si (uc-Si) at the same low temperatures as the amorphoug; 5 intensity of 300 mW/cfrfor 150 h.
films.*~ Films just below the amorphous/crystalline phase e previously utilized Raman spectroscopy to establish
boundary have recently been attracting considerable interegle existence of auc-Si component for each of these
since these appear to be the most stable with respect to lighiampled? This method also allowed us to estimate the rela-
induced degradation in photovoltaic devicéslt is also e volume fractions of crystallites in these samples. More
known that once thg.c-Si volume fraction becomes appre- information about the detailed structure of these films was
ciable, the . performance of such devices suffersyptained using TEM. An example of the film structure is
considerably shown in the bright-field image presented in Fig. 1. A se-

In this paper we report results from a study of samplé§ected area diffraction pattern from the region indicated by
produced by dc sputtering under hydrogen or deuterium dithe circle confirms that the dark regions are actually com-
lution. Tunneling electron microscodf EM) confirmed that posed of small crystallites, which give rise to the ring pat-
these samples contain Si microcrystallites embedded in &gy, Dark-field microscopy using a portion of a ring con-
amorphous silicon host matrix. The electronic properties ofjymed that small 5-50-nm-sized crystallites  had
these samples were characterized by photocapacitance agggiomerated to form the dark regions shown in Fig. 1.
photocurrent methods to reveal a unique optical transition “1q probe the electronic properties of these samples, we
associated with the embedded crystallites. This transitionyecorded the sub-band-gap spectra obtained via the transient
which behaves like a defect level within the amorphous sili-pnotocapacitancéTPC) and transient junction photocurrent
con host with an unusually large optical cross section, is veryTp|) methods!®** Because the TPC method detects the op-
likely to impact the performance of devices employing suchiically induced charge change within the depletion region

mixed phase materials. _ ~while the TPI method detects the charge motion, these two
Both hydrogenated and deuterated films were deposited at

a rate of 100 A/min by dc reactive magnetron sputtering of a
5x12in2 planar Si target in an ArH, or Ar+D, plasma.
The substrate temperature was 250 °C, the Ar partial pressure
was 0.14 Pa, and the,tdr D, pressure was varied from 0.04
to 0.10 Pa. Films grown under such conditions using hydro-
gen have been found to have properties fully equivalent to
a-Si:H deposited by plasma CVDPrevious studies have
determined that the transition froime-Si:H to fully uc-Si
growth occurs at a hydrogen partial pressure of 0.4°Rad
roughly a factor of 2 lower for deuteriuf. FIG. 1. Bright-field TEM image of sample 1. The diffraction

For the photocapacitance and photocurrent studies deattern from the region circled indicates that the dark regions in the
scribed below, we evaporated semitransparent Pd contaatsicrograph consist of fine-grained crystalline Si material.
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Q 4l 24 _ | light intensities using 1.3 eV light. Note the two types of optical
T 10°E s} E L. . . S
) = £ i E excitation processes that occur during the light-on region: a fast
C 1 I E— procesglabeledB®) that decreases the junction capacitance, and a

68 10 12 14 16 18 slow procesglabeleda®) that increases the capacitance. When the
PHOTON ENERGY (eV) light is turned off, a fast thermal procefisbeledy) reverses the
change caused by the fast optical process. The inset indicates our
FIG. 2. Photocapacitance and photocurrent spectra of sample groposed model for the types of processes which account for the
in its light-soaked state. The photocurrent spe¢atatwo light in-  observed changes in capacitanfdote: For the photocapacitance
tensitieg are denoted by the solid line and filled circles, while the spectral measurementge.g., Fig. 2 a voltage “filling pulse” of
photocapacitance spectra are denoted by the open syf@disur ~ 10-100 ms duration is inserted at the beginning of each light and
light intensitieg. The inset shows the intensity dependence of thedark period to refill any majority carrier traps. Here this pulse has
photocapacitance in more detail orlimear scale. In all cases the been omitted so that it will not obscure the appearance of the fast
back (c-Si) junction was biased at2.3 V, and the filling pulse transients due to th¥ defects. Such a filling pulse greatly speeds
reduced this to-0.3 V. The absolute intensities vary with optical up the slow recovery transient appearing in the dark.
energy; howevel,= 1 corresponds to 1¥102cm?s ' at 1.3 eV.
respectively. However, in the intermediate energy regime,

methods provide complementary information to sort out thel.0—1.5 eV, these spectra reveal a feature that is never ob-
types of transitions that occur. In particular, a transition beserved in standard glow dischargeSi:H samples. Because
tween a gap state to the majorifgonduction band will  this feature has a threshold close to th&i band gap and,
increasethe junction capacitance, while those to the minoritymoreover, is roughly proportional to the integrated crystal-
band will decreasethe capacitance. Thus, the TPC spectraline Raman component for this series of sampfese be-
reflect the differencéetweerthese two types of transitions. lieve it is associated with the crystallites contained within
In contrast, the sign of the current arising from either type ofthese films. This feature exhibits two other interesting at-
transition is the same, so that the TPI spectra reflecttine  tributes. First, it results in a negative photocapacitance sig-
The spectra in either case are obtained by averaging theal, implying a dominance of a minority band transition.
signal over a particular time window following a voltage Second, the dependence on light intensity due to this feature
filling pulse, and are taken alternately with and without thefor both the TPC and TPC spectra is markediynlinear
presence of the sub-band-gap light to determine the differThis is reflected in Fig. 2 by the fact that the spectra for
ence signal. This is then normalized to the photon flux. Exdifferent light intensities no longer overlap as they do for the
amples of the TPC and TPI spectra of one sample in it$ower optical energies.
light-soaked state at several intensities are shown in Fig. 2, In Fig. 3 we display actual capacitance transients, alterna-
in which the two types of spectra have been overlapped itively with and without the presence of 1.3 eV ligtthe
the lowest energy regiméelow 0.9 eV. As discussed in energy where this feature is most promineritiere we
detail elsewheré this alignment relies on the fact that only clearly observe the presence of two distinct types of optical
majority carrier transitions will be possible at optical ener-transitions, a fast component whictecreaseshe capaci-
gies less than half the gap; thus the current and capacitantance as soon as the light is turned on, and a component that
signals should be strictly proportional. We note that the TPlincreasesghe capacitance much more slowly. Once the light
and TPC signals in this energy regime scale linearly with thas turned off, the faster component of the capacitance change
light intensity so that these normalized spectra appear indes reversed within a few milliseconds. A schematic proposing
pendent of intensity. the key transitions responsible for these transients is shown
The spectral dependences below optical energies of 1. the inset. It indicates that two distinct gap levels are in-
eV and above 1.6 eV are quite consistent with many suclolved, labeledD andX.
previous spectra reported farSi:H,** indicating transitions We record the photocapacitance over a time window that
from the dominant deep defect band and the band-tail regiortypically extends between 0.3 and 0.7 s following the onset
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Since the parameters and &£ can be determined indepen-
FIG. 4. The intensity dependence of the normalized photocadenﬂy, and we have normalized both signals to the same
pacitance and photocurrent spectra at 1.3 eV for &atiesample 1. ygjye at low optical energieévhich sets the constants of

; ; 5~m—2o1 i i
The highest light flux was 4:610*cm™?s™". The solid lines are roportionality, this leaves only four parameters to fit the
fits to the 360 K data based upon the set of optical transitions showgpc plus TPI signals versus photon flx, B, v, and the
in the inset of Fig. 3 The dashed lines are fits to the photocurren}atio N, /Np) e

X D/

spectra at several other temperaturgs obtfaingd by onIy.aIIowing the The fits obtained are displayed along with the data in Fig.
thermal rate parameterto vary. The inset indicates thatis ther- 4. The TPC and TP! fits at 360 K are determined from a
mally activated(solid symbol$, and that its temperature depen- "
dence closely matches that of the peak of the modulated photocu ommon set of these parameters,_and the TPI _data at the
rent spectra of Fig. Bcrosses ower temperatures have been obtained by changing only the
value of y, the thermal escape rate for the electrons fiém
o . N The variation of they values withT is shown in the inset,
of illumination. This means that steady-state conditide- indicating an activation energy of 0.74 eV. However, we
tween optical filling and thermal emptyinghave been note that this value should be viewed as a lower limit in the
achieved for the fast componefX), while the optical emp- case that the optical cross sectifralso varies significantly
tying of the slow componentD) is still in its initial stage.  with temperature.
Comparing the transients for the two light intensities dis- The success of this simple model to fit the intensity de-
played in Fig. 3 also indicates that the magnitude of thependence of both the TPC and TPI spectra leaves little doubt
capacitance change f@r is nearly linear with intensity, but as to its validity. However, the origin of the levdlsand X
markedly sublinear foX. This indicates that the optical ex- has not yet been discussed. We believe thaDifevel arises
citation in the latter case is approaching saturation. from bulk defects in the&-Si:D host material including, per-
The normalized photocapacitance as well as the photocubaps, an excess of such defects in the vicinity of the micro-
rent signals obtained in this manner are displayed over &rystallites. Indeed, the value of the fitting parametdeis
much wider range of light intensities in Fig. 4. The photo- quite con5|stept W|th the optical cross section determined for
current signal dependence is also shown for several loweieep defects im-Si:H [of (1-3)x10 *°cn? (Ref. 13].
temperatures at which, unfortunately, the photocapacitanc&n€ Optical cross section fot, on the other hand, appears to
signals cannot be accurately measured because of the greal§ much too high for a normal point defect. First of all, the

increased ac response times. These intensity dependen(,; cape;}utangg transltint da@g., E'g' 3 mftljlcate a rat%
can be fit quite well based upon the set of transitions indi—""Ster5 t_azn_(l _msf _at a photon flux near
X 10°cm™?s L. This implies an optical cross section of at

cated in the inset to Fig. 3, which are described in dEtal‘east 10 Yem2
below.

Level D is occupied in thermal equilibrium and the sub-
band-gap light excites electrons frdinand into the conduc-

Second, we know that this transition can be saturated at
relatively high temperatures while competing with a thermal
. _ process having an activation energy 0.74 eV. To check
tion band at the rate<b, where® denotes the optical flux. nether this thermal process might be unusually weak due to
S|nce.th|s rate is slow reI.at|.ve tg the time delaybefore the a low preexponential factor, we carried out modulated pho-
experimental yvmdow, this implies tHess of a®7Np elec-  tocurrent (MPC) measurements to establish directly the
trons per unit volume from these statéelative to the thermal emission characteristics of the predominant electron
sample in the dank Level X is unoccupied in equilibrium  traps in this sample. These spectra are displayed in Fig. 5 and
and the light excites valence-band electrons into these statggilize the same set of measurement temperatures employed
at a rated. However, these electrons are lost by thermalin the TPI versus light intensity measurements. The MPC
excitation to the conduction at a rate Since steady-state spectral peak dependence on temperature is shown in the
conditions have been reached by timehe electronic occu- inset to Fig. 4 on top of the Arrhenius plot for We see that
pation fraction of levelX will be given by f=pd/(BP it exhibits a nearly identical activation energy of 0.76 eV.
+ ). This corresponds to thaddition of fNy electrons per (Note that this differs from the 0.65 eV MPC feature usually
unit volume into the gap. Thus, the TPC signal will be pro-dominatinga-Si:H samples®) The prefactor for the MPC
portional to the total charge change normalized to the flux, opeak is X 103s™L. Therefore, if we identify this peak in the
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‘o 102 the crystallites might then be trapped at defects near the
= [ MODULATED PHOTOCURRENT 1 crystallite/amorphous silicon host interface. Such a scenario
= s STATEB 1 might also help account for the unusually large effective op-
o) 5t B . . . .

5 4l tical cross section. Itis also supported by the observation that
~ “.»“; B appears to increase by roughly a factor of 5 between the
& LA & light soaked and annealed states of this sample, while the
:: { ’ density,Ny, decreases by a similar factor. That is, the rate of
P P B "-A"A optically generated electrons within the crystallites would
0 101 L S _.' Py i remain nearly the same, but would be getting trapped onto
6 - 4 e 360K | fewer defects at the interface.

> 6 + 2 = 350K | It is possible that the defect that we have discovered may
E Srmoe ¢ 340K 7 have a significant impact on the performance of amorphous
e e 4 3K 7 silicon devices fabricated from material near this mixed
L T o T oz 103 104 phase boundary. Such material is now known to lead to more

stable solar cell§:however, once the crystalline fraction be-
FREQUENCY (Hz) comes appreciable, the device performance suffetddi-

FIG. 5. Modulated photocurrent spectra for sample 1 in ®ate tional studies will hopefully help clarify the role this defect
The four temperatures used match those employed for the transiefiay have with respect to phototransport processes in amor-
photocurrent measurements displayed in Fig. 4. phous silicon.
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