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Strongly enhanced optical absorption in quench-deposited amorphous AgI films

S. Kondo, T. Itoh, and T. Saito
Department of Applied Physics, Faculty of Engineering, Fukui University, 3-9-1 Bunkyo, Fukui 910, Japan

~Received 30 December 1997!

Amorphous AgI films prepared by quench deposition are characterized by markedly stronger optical absorp-
tion than crystalline films, by a factor more than ten in the exciton transition-energy region. They crystallize in
the zinc-blende structure exhibiting well-defined crystallization temperatures dependent on the thicknesses,
from 220 K ~thick! to 180 K ~thin!. The strong absorption in the amorphous state cannot be explained by the
familiar relaxation effect of thek-conserving selection rule, suggesting a fundamental change in the short-
range order due to amorphization. Under the new short-range order, a considerable amount of the metald
electrons take part in low-energy optical absorption together with the Ip electrons, due top-d hybridization.
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I. INTRODUCTION

The compound AgI is known to undergo three phase tr
sitions at normal pressure.1 Up to 408 K the zinc-blende
lattice ~g-AgI! is stable. In the range 408–419 K the com
pound crystallizes in the wurtzite lattice~b-AgI! and above
419 K it has the characteristic AgI lattice~a-AgI!. In the a
phase, the I2 ions occupy the bcc lattice, whereas the A1

ions are more or less statistically distributed over seve
possible sites in the unit cell; due to such a free-ion-l
character of Ag1 ions, not onlya-AgI,2 but also AgI-based
mixed systems with bcc lattice3,4 show superionic conductiv
ity. On the other hand, under hydrostatic pressure, A
shows several phase changes; at room temperature, fo
ample, from g-AgI to the tetragonal, rhombohedral, an
rocksalt modifications, depending on the magnitude of
pressure.5

Because of such instability against the phase transitio
the production of AgI films requires special precautions. F
example, the films evaporated in vacuum onto a silica-g
substrate at 420 K, though being in thea phase at that tem
perature, result ing-AgI after cooling to room temperature6

For evaporation at 297 K, however, one observes unst
b-AgI.6,7

There are several reports on electronic energy-band
culations of AgI.5,8–12 According to Ref. 12,g-AgI has the
direct energy gap at theG point in the Brillouin zone, with
the hybridization of Agd states and Ip states for the
valence-band wave functions. This gives an account of
band-gap exciton absorption observed for theg-AgI film.6

In the last ten years, the glass-forming tendency of A
based materials has been the subject of several works,13–17

and it has been shown that most of the AgI-based ha
glasses, achieved in a form of thin plates, are character
by superionic conductivity due to randomly distributed Ag1

ions.15–17Vaidhyanathanet al.have pointed out the possibi
ity for new applications of the fast ion conductivity glass
to electrical switching devices.18

As for film samples, a structural study was made on n
crystalline AgI films by Ru¨hl.19 AgI films quench-deposited
onto aluminum substrates cooled to 20 K were x-ray am
phous. The films, when warmed to 90 K and kept at t
570163-1829/98/57~20!/13235~6!/$15.00
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temperature, were still in the amorphous state, but they
hibited crystalline diffraction patterns when annealed at 2
K. The same effect was also observed for CuI films.

Recently we reported spectroscopic measurements
amorphous CuI films obtained by quench deposition o
silica-glass substrates cooled to 77 K.20,21 They showed ex-
tremely enhanced optical absorption leading to an entir
different spectral profile than that of crystalline films. Su
an anomalous enhancement of optical absorption due
amorphization has not been reported either on covalent s
conductors or on other metal halides as far as we know
the present work, a similar result was observed for AgI. S
cifically the extremely enhanced optical absorption of t
amorphous film was confirmed by directly comparing t
absorption spectra between the amorphous and theg-phase
crystalline films deposited simultaneously onto two discr
substrates put on a single sample holder, one cooled to 7
and the other heated to 420 K, and a thorough discussion
made on the origin of the anomalous absorption in the am
phous state.

II. EXPERIMENT

Simultaneous measurements of optical absorption and
flection were performedin situ on AgI films quench-
deposited onto silica-glass substrates at 77 K at a rate
about 20 nm min21. The deposition was carried out in
vacuum of about 931026 Pa using a tungsten basket heati
element placed 8 cm in front of the substrate. The spec
measurements~resolution, 0.2 nm! were performed by a
double-beam detection method, using a grating monoch
mator in combination with a 150-W xenon lamp as a lig
source.

To measure not only strong absorption of the amorph
film, but also very weak absorption after crystallization
the same film accurately, we employed the optical confi
ration shown in Fig. 1~where the reference-light path in th
double-beam detection method is omitted!. The p-polarized
monochromatic light is incident on the substrate at an in
dent angle of 45°. The optical density~OD! of the film was
defined as
13 235 © 1998 The American Physical Society
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OD5 log10

D2J

I
2 log10

D2J0

I 0
, ~1!

whereD is the intensity of the incident light,I 0 andJ0 are
the intensities of transmitted and reflected light, respectiv
from the substrate before the deposition of the film, anI
and J are the corresponding light intensities after the fi
deposition. The first term in Eq.~1! corresponds to the opti
cal density of the film-deposited substrate and the sec
term is the optical density of the substrate. Correction
reflectance at the film surfaces~both the film/substrate an
film/vacuum interfaces! is involved in the first term. It is
possible to represent Eq.~1! in terms of quantities indepen
dent of characteristics of the two individual detectors~such
as sensitivity, its wavelength dependence, etc.!,

OD5 log10

12R0Rr

~12R0!Tr
, ~2!

whereTr5I /I 0 , Rr5J/J0 , andR0 is the reflectivity of the
substrate. Then the values of OD can be determined from
measurements of the intensity ratios~Tr andRr! of the light
beam irradiating the individual detectors before and after
film deposition, using the predetermined values ofR0 . The
OD values thus determined are expected to be very accu
since the optical configuration is kept unchanged through
all the measurements and since all the unbalances in inte
between the probing and reference light are canceled ou

The substrate~silica glass with 1 mm thickness! was put
on a copper sample holder with a square-light path
34 mm2, attached to the bottom of a copper vessel in
cryostat. The vessel was filled with liquid nitrogen, or hea
with a heater to control the temperature of the substrate. T
permits us to measurein situ OD spectra both for the amor

FIG. 1. The schematic view of the light path forin situ mea-
surements of reflection-corrected OD spectra of a film quench
posited onto a cooled~to 77 K! substrate.
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phous and crystalline phases of the same film and the c
tallization temperature as well.

As will be shown in the next section, the absorption i
tensity of the amorphous film is extremely large compared
that of the crystallized film. Indeed, this is so anomalous t
one might suspect the film to exfoliate or reevaporate dur
the crystallization. To minimize such an effect, we devis
the apparatus for depositing both amorphous and crysta
films simultaneously onto two discrete substrates put o
single sample holder~with two 434 mm2 light paths!, as
shown in Fig. 2. During the deposition, one of the substra
is heated to 420 K by irradiation with a CO2-laser beam
~wavelength, 11.6mm!, while the other is at 77 K~Teflon
and copper sheets, both 0.5 mm in thickness and both wi
434 mm2 light path, are interposed between the sam
holder and the respective substrates!. The temperature of the
heated substrate~on the Teflon sheet! is measured with a
homemade infrared radiation thermometer made of an i
grated thermocouple~Thermopile from Mitsubishiyuka! in-
corporated with a set of IR lens optics. Since the substra
are set to be rotatable about the axis that is perpendicula
the plane of incidence and that passes through the cent
the vacuum chamber, it is possible to measure OD spectr
both films in situ @but theRr data in Eq.~2!, not measured,
are taken from the corresponding data measured under
configuration shown in Fig. 1#. The equivalence in the geo
metrical configuration for the two substrates with respec
the tungsten basket was checked by comparing the spect
the two films deposited simultaneously without laser heati
the difference in the OD values between the two films w
within a few percent.

Finally, mention should be made of the determination
the thickness of our films. We did not measure the thickn
of the amorphous films, but instead we determined that of
crystallized films using a value of optical density measu
after the crystallization. Since the crystallization resulted
theg-phase crystalline state~see next section!, the film thick-

e-

FIG. 2. The geometrical configuration for depositing amorpho
and crystalline films both simultaneously onto cooled~to 77 K! and
CO2-laser heated~to 420 K! substrates, respectively;in situ mea-
surements of OD spectra are available for both films by rotating
substrate holder~see text!.
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57 13 237STRONGLY ENHANCED OPTICAL ABSORPTION IN . . .
ness was given for that state. For this purpose, we meas
absorption coefficient~at a particular photon energy! of the
g-phase crystalline film deposited onto a silica-glass s
strate heated to 420 K. The measurement was madein situ
on a separate vacuum-evaporation setup equipped wi
quartz oscillator and a line-spectrum light source~low pres-
sure Hg lamp with a 253.7 nm line band-pass filter!. The
measured absorption coefficient, 5.53105 cm21 at 4.887 eV
at room temperature, was employed as a standard for d
mining the thickness of the crystallized films.

III. RESULTS

Figure 3 is the comparison of OD spectra at 77 K betwe
two films deposited simultaneously onto discrete substra
one cooled to 77 K~spectrum 1! and the other heated t
420 K ~spectrum 2!. The film thickness~determined in the
g-phase crystalline state! is about 34 nm. As seen in th
lower panel~expanded view near the fundamental absorpt
edge! of the figure, spectrum 2 exhibits theZ1,2 andZ3 ex-
citon peaks characteristic ofg-phase crystalline AgI~Ref. 6!
~the absorption coefficient in the exciton transition region
comparable in magnitude to that in Ref. 6!. On the other
hand, spectrum 1 is characterized by extremely strong
sorption over the whole measurement spectral range~upper
panel! compared to spectrum 2: For example, in the excit
transition energy region~3–4 eV!, spectrum 1 has more tha
ten times larger optical densities than spectrum 2; at
same time an about 1 eV lower optical energy gap is exh
ited for spectrum 1.

The film deposited at 77 K was subjected to the sub
quent measurement of continuous change in the optical

FIG. 3. The spectral comparison between two films depos
onto 77 and 420 K substrates under the configuration shown in
2. The film thickness determined in theg-phase crystalline state i
about 34 nm.
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sity at 3.54 eV during slow increase of temperature. T
result is shown in Fig. 4. In the measurement, the
deposited film was heated at a rate of about 1 K min21 up to
300 K ~curve 1! and then the film was immediately cooled
77 K prior to measuring the second curve~curve 2!. Curve 1
clearly shows a drastic decrease in the optical density at t
peratures near 220 K, while curve 2 no longer exhibits su
a marked change and was shown to be of a reversible na
~below 300 K! from the measurement of a third curve. W
note here that the optical density at 77 K for curve 2, 0.
was nearly equal to the corresponding OD value of spect
2 in Fig. 3, 0.18 at 3.54 eV~the OD spectrum at 77 K afte
the measurement of curve 1 was confirmed to exhibit
same outline as spectrum 2 in Fig. 3!. Therefore, the drastic
change in curve 1~Fig. 4!, which is very similar in sharpnes
to previous results on amorphous CuI films,21 provides clear
evidence of a phase transition from amorphous to crystal
states in the quench-deposited film for AgI~and also for
CuI!, and negates the suspicion that the film exfoliates
reevaporates during the drastic change. The transition t
perature~crystallization temperatureTc!, which we defined
as the temperature determined by the extrapolated poinP
shown in the figure, is 216 K, nearly equal to that~211 K! for
CuI.

We determinedTc for various film thicknesses in the
same way. The results are shown in Fig. 5, where the
scissa is the optical density at 3.54 eV in the amorph
state;OD51 on the abscissa corresponds to 12 nm thickn
of the crystallized~into g-AgI! film. As seen from the figure

d
g.

FIG. 4. The change in optical density at 3.54 eV during slo
heating (1 K min21) of a film deposited onto a 77 K substrat
whose spectrum is shown in Fig. 3 as spectrum 1. The film th
ness determined in theg-phase crystalline state is about 34 nm.

FIG. 5. The crystallization temperatureTc as a function of the
amorphous-state optical density at 3.54 eV.
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Tc decreased with decreasing film thickness, more and m
for OD,1. Similar tendency was also observed for CuI~not
shown in the figure!. The lowerTc’s for thinner films are
attributable to surface effects: the film surfaces have the
fect to lower the nucleation activation barrier and gra
growth activation barrier.

Figure 6 illustrates the effect of annealing on the spec
structure of a film deposited at 77 K. The film thickne
~determined in theg-phase crystalline state! is about 40 nm.
Spectral measurements were carried out at 77 K for incr
ing annealing temperatures as indicated. The annealing
was 10 min for each. Heating and cooling in each annea
cycle were performed at rates of 1 and 20 K min21, respec-
tively.

As seen from the figure, the spectrum in the amorph
phase became rich in structure with increasing annea
temperature up to 180 K; the behavior is in contrast to
case of CuI, where almost no effect of annealing is obser
in the amorphous phase. This reflects that the amorph
AgI film may relax to achieve better-defined short-range
der than in the CuI case by thermal events before cryst
zation. On further annealing at 220 K, there occurred
abrupt change in the spectrum due to crystallization, giv
rise to the drastic reduction in absorption intensity~note the
magnified OD scale for the crystalline phase! over the whole
measurement spectral range as expected from Fig. 4.
resultant spectrum showed the same outline as that of
g-phase crystalline film deposited at 420 K~Fig. 3!, exhibit-
ing the Z1,2 and Z3 exciton absorptions. It is interesting t
note that the amorphous film crystallizes into theg phase
~even at 220 K! without passing through the~lower-

FIG. 6. The effect of annealing on the absorption spectrum o
quench-deposited film. The scale on the ordinate is given only
the lowest spectra in both panels, labeled 77~lower panel! and 220
K ~upper panel!; note the magnified scale for the upper panel. T
film thickness determined in theg-phase crystalline state is abo
40 nm.
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temperature! b phase. Further annealing at higher tempe
tures brought about little change in the spectrum.

IV. DISCUSSION

As is well known, valence and conduction bands in sem
conductors retain their meaning even in the amorphous s
and the density of states~DOS! of the bands is almost unal
tered by amorphization since the gross feature of electro
states is determined by the short-range order. But the lac
the long-range order in the amorphous state leads to the
laxation of thek-conserving and/or symmetry-imposed s
lection rule. Such a relaxation sometimes gives rise to a
nificant result, particularly in the case of indirect-band-g
semiconductors. For example, optical absorption in Si
strongly enhanced by amorphization in the otherwise we
absorbing~due to indirect transitions! photon-energy region
near the indirect band gap, 1–3eV.22 It is nevertheless still
important to recognize that there exists a global similarity
the spectral outline between the crystalline and amorph
states~as is indeed the case in Si! as far as the main featur
of the DOS functions for the energy bands are based on
same short-range order.

In the case of AgI, where the amorphous films transfo
to the g-phase crystalline films, the situation seems to
somewhat different.g-AgI is known to have a direct band
gap at theG point with the allowed type of optical transitio
matrix element between the band edges~see, e.g., Ref. 12!.
Therefore, the observed large redshift~blueshift!, by ;1 eV,
due to amorphization~crystallization! cannot be attributed to
the relaxation~requirement! of the k-conserving selection
rule, nor to the relaxation~requirement! of the symmetry-
imposed selection rule at theG point. More important is the
fact that there is no global similarity in the spectral outli
between the crystalline and amorphous states. In particu
the absorption intensity is too largely enhanced by am
phization over the deep interband energy region to interp
in terms of the relaxation effect of the selection rules:
matter how completely the selection rules are relaxed,
amorphous film could not exhibit more than ten times larg
optical densities than the crystallized films in the strong
absorbing, or, direct-transition, photon-energy region~3–4
eV in Fig. 3! as far as the short-range order~and thus the
main feature of the DOS functions! is unaltered by amor-
phization. Therefore, the chemical bonding responsible
the short-range order that exists in the crystalline state
considered to have changed into a different one by am
phization.

Such anomalous change in the short-range order du
amorphous/crystalline transformation is not too surprising
view of the polytypism of AgI mentioned in Sec. I. For ex
ample, the rocksalt modification has the indirect band g
with the valence-band edge at theL point and the
conduction-band edge at theG or X point.11 This might ac-
count for the amorphization-induced redshift. However,
calculated DOS is not ‘‘too largely’’ different from that fo
g-AgI ~unfortunately, fundamental optical absorption spe
trum extending into deep interband energies is not availa
for the rocksalt modification!. Anyhow, the new short-range
order in the amorphous state should be based on a
scheme of chemical bonding in which the metald wave
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57 13 239STRONGLY ENHANCED OPTICAL ABSORPTION IN . . .
functions, as well as Ip wave functions, contribute in such
way that a considerable amount of thed electrons with a
high DOS take part in low-energy optical absorption,
though the identification of the associated crystal-struct
type is a future problem.

To obtain a measure of the integrated absorption intens
we roughly estimate the effective number of electrons
AgI molecule contributing to the absorption,neff . The quan-
tity is defined as

neff~E!5
4m

h2e2N E
0

E

E8n~E8!k~E8!dE8, ~3!

wherem is the electron mass,N is the number of AgI mol-
ecules per unit volume,E and E8 are the photon energies
and n and k are the real and imaginary parts of refracti
index. Since the value ofN for the amorphous film is un
known, it is better to employ an alternative expression
Eq. ~3!,

neff~E!5
~ ln 10!mc

he2Nt E
0

E

n~E8!OD~E8!dE8, ~4!

wheret is the film thickness. Here, the productNt remains
constant throughout the amorphous and crystalline state
a given film becauseNt multiplied by the film area is the ne
number of AgI molecules in the film; thusNt is given by the
g-AgI value. Therefore, we can obtain a rough estimate
neff(E) by replacingn(E) ~which is unknown both for the
amorphous and the crystalline states! by an ‘‘averaged’’ in-
dex nav. From the OD spectra in Fig. 6~curves labeled 77
and 300 K!, neff is determined atE56 eV to be 3.6nav for
the amorphous state and 0.74nav for the g-AgI state using
Eq. ~4!. @The value ofnav may be of the order of 1 or 2 fo
both states; according to anf -sum rule,n(E8) in Eqs. ~3!
and ~4! can be replaced by 1 in the limitE→`, integral up
to `, see Eq.~10! in Ref. 23.# Therefore, it turns out that a
considerable amount of Ag 4d and I 5p electrons of total 16
electrons take part in optical absorption below 6 eV in
amorphous state~also note the decreasing optical densities
the range towards high energies in Fig. 6, lower panel!, in
contrast to the case of the crystalline state where the m
o
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parts of these electrons contribute to the deeper-energy
cal absorption above 6 eV~note the increasing optical den
sities towards high energies, upper panel in Fig. 6!.

The same discussion may also apply to the previous
sults for CuI apart from the detailed or quantitative diffe
ence.

We are ready to measure dc and ac conductivity of
amorphous film to observe, if any, superionic conductiv
such as reported for AgI-based halide glasses.13–16The mea-
surement may provide further information on the nature
the short-range interaction that is based on the abo
mentionedp-d hybridization.

V. CONCLUSION

Amorphous AgI films prepared by quench deposition e
hibited extremely enhanced optical absorption compared
crystalline films. This was confirmed by directly comparin
the absorption spectra between the amorphous and thg-
phase crystalline films deposited simultaneously onto t
discrete substrates put on a single sample holder, one co
to 77 K and the other heated to 420 K. The amorphous fi
exhibited well-defined crystallization temperatures dep
dent on their thickness, from 220~thick! to 180 K ~thin!,
yielding the g-phase crystalline films. The extremely e
hanced optical absorption in the amorphous state canno
explained by the familiar relaxation effect of th
k-conserving and/or symmetry-imposed selection rules, s
gesting that there occurs a fundamental change in the sh
range order, and thus in the density of states, by amorph
tion. A possible explanation isp-d hybridization such that a
considerable amount of the metald electrons take part in
low-energy optical absorption together with the Ip electrons
due to the change of the short-range order.
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