PHYSICAL REVIEW B VOLUME 57, NUMBER 20 15 MAY 1998-I11

Strongly enhanced optical absorption in quench-deposited amorphous Agl films
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Amorphous Agl 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 thé&-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 tlile metal
electrons take part in low-energy optical absorption together with fhelectrons, due tp-d hybridization.
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[. INTRODUCTION temperature, were still in the amorphous state, but they ex-
hibited crystalline diffraction patterns when annealed at 200

The compound Agl is known to undergo three phase tranK. The same effect was also observed for Cul films.
sitions at normal pressufeUp to 408 K the zinc-blende Recently we reported spectroscopic measurements of
lattice (y-Agl) is stable. In the range 408-419 K the com- amorphous Cul films obtained by quench deposition onto
pound crystallizes in the wurtzite lattidg-Agl) and above silica-glass substrates cooled to 77%! They showed ex-
419 K it has the characteristic Agl latti¢e-Agl). Inthe@  tremely enhanced optical absorption leading to an entirely
phase, the 1 ions occupy the bec lattice, whereas the'Ag  different spectral profile than that of crystalline films. Such
ions are more or less statistically distributed over severahn anomalous enhancement of optical absorption due to
possible sites in the unit cell; due to such a free-ion-likeamorphization has not been reported either on covalent semi-
character of Ag ions, not onlya-Agl,” but also Agl-based  conductors or on other metal halides as far as we know. In
mixed systems with bcc lattiéé show superionic conductiv-  the present work, a similar result was observed for Agl. Spe-
ity. On the other hand, under hydrostatic pressure, Agdkifically the extremely enhanced optical absorption of the
shows several phase changes; at room temperature, for emorphous film was confirmed by directly comparing the
ample, fromy-Agl to the tetragonal, rhombohedral, and apsorption spectra between the amorphous andytplease
rocksalt modifications, depending on the magnitude of theyrystalline films deposited simultaneously onto two discrete
pressure. substrates put on a single sample holder, one cooled to 77 K

Because of such instability against the phase transitiongind the other heated to 420 K, and a thorough discussion was
the production of Agl films requires special precautions. Foimade on the origin of the anomalous absorption in the amor-
example, the films evaporated in vacuum onto a silica-glasphous state.
substrate at 420 K, though being in thephase at that tem-
perature, result in-Agl after cooling to room temperatufe.

For ev6a7poration at 297 K, however, one observes unstable Il EXPERIMENT
B-Agl.”

There are several reports on electronic energy-band cal- Simultaneous measurements of optical absorption and re-
culations of Agl>®'2 According to Ref. 12,y-Agl has the flection were performedin situ on Agl films quench-
direct energy gap at thE point in the Brillouin zone, with  deposited onto silica-glass substrates at 77 K at a rate of
the hybridization of Agd states and Ip states for the about 20 nm min'. The deposition was carried out in a
valence-band wave functions. This gives an account of theacuum of about & 10~ ° Pa using a tungsten basket heating
band-gap exciton absorption observed for 4hag! film.® element placed 8 cm in front of the substrate. The spectral

In the last ten years, the glass-forming tendency of Agl-measurementgresolution, 0.2 nm were performed by a
based materials has been the subject of several Wwotks, double-beam detection method, using a grating monochro-
and it has been shown that most of the Agl-based halidenator in combination with a 150-W xenon lamp as a light
glasses, achieved in a form of thin plates, are characterizesburce.
by superionic conductivity due to randomly distributed*Ag To measure not only strong absorption of the amorphous
ions!®*"Vvaidhyanatharet al. have pointed out the possibil- film, but also very weak absorption after crystallization of
ity for new applications of the fast ion conductivity glassesthe same film accurately, we employed the optical configu-
to electrical switching device$. ration shown in Fig. Xwhere the reference-light path in the

As for film samples, a structural study was made on nondouble-beam detection method is omijte@he p-polarized
crystalline Agl films by Rtl.*® Agl films quench-deposited monochromatic light is incident on the substrate at an inci-
onto aluminum substrates cooled to 20 K were x-ray amorédent angle of 45°. The optical densit9D) of the film was
phous. The films, when warmed to 90 K and kept at thadefined as
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detector and crystalline films both simultaneously onto coolenl77 K) and
etecto CO,-laser heatedto 420 K) substrates, respectivelin situ mea-

surements of OD spectra are available for both films by rotating the
FIG. 1. The schematic view of the light path for situ mea-  substrate holdefsee text
surements of reflection-corrected OD spectra of a film quench de-

posited onto a cooledo 77 K) substrate. phous and crystalline phases of the same film and the crys-
tallization temperature as well.
D-J D—-J, As will be shown in the next section, the absorption in-
Op=log1o ——=10010 o (1) tensity of the amorphous film is extremely large compared to
that of the crystallized film. Indeed, this is so anomalous that
whereD is the intensity of the incident light, andJ, are ~ ON€ might suspect the fil_m_ to exfoliate or reevaporate dl_Jring
the intensities of transmitted and reflected light, respectivelytN€ crystallization. To minimize such an effect, we devised
from the substrate before the deposition of the film, &nd the apparatus for depositing both amorphous and crystalline
and J are the corresponding light intensities after the film filMS simultaneously onto two discrete substrates put on a
deposition. The first term in Ed1) corresponds to the opti- SiNdle sample holdefwith two 4x 4 mn? light paths, as
cal density of the film-deposited substrate and the secongoWn in Fig. 2. During the deposition, one of the substrates
term is the optical density of the substrate. Correction forS heated to 420 K by irradiation with a G@aser beam
reflectance at the film surfacéboth the film/substrate and (Wavelength, 11.6um), while the other is at 77 KTeflon
filmivacuum interfacesis involved in the first term. It is @nd copper sheets, both 0.5 mm in thickness and both with a
possible to represent E(L) in terms of quantities indepen- 4%4 mn? light path, are interposed between the sample
dent of characteristics of the two individual detectésach ~ holder and the respective substrat@e temperature of the
as sensitivity, its wavelength dependence,)gtc. heated subs_,trat(aon the _Tgflon shegtis measured with a
homemade infrared radiation thermometer made of an inte-
grated thermocoupléThermopile from Mitsubishiyukiain-
1~ RoR ) corporated with a set of IR lens optics. Since the substrates
(1-Rg)T,’ are set to be rotatable about the axis that is perpendicular to
the plane of incidence and that passes through the center of
whereT,=1/ly, R,=J3/Jy, andR, is the reflectivity of the the vacuum chamber, it is possible to measure OD spectra of
substrate. Then the values of OD can be determined from thieoth filmsin situ [but theR, data in Eq.(2), not measured,
measurements of the intensity ratid$ andR,) of the light  are taken from the corresponding data measured under the
beam irradiating the individual detectors before and after theonfiguration shown in Fig.]1 The equivalence in the geo-
film deposition, using the predetermined valuesRgf The  metrical configuration for the two substrates with respect to
OD values thus determined are expected to be very accuratie tungsten basket was checked by comparing the spectra of
since the optical configuration is kept unchanged throughouthe two films deposited simultaneously without laser heating;
all the measurements and since all the unbalances in intensitige difference in the OD values between the two films was
between the probing and reference light are canceled out. within a few percent.

The substratésilica glass with 1 mm thicknegsvas put Finally, mention should be made of the determination of
on a copper sample holder with a square-light path 4the thickness of our films. We did not measure the thickness
X4 mn?, attached to the bottom of a copper vessel in aof the amorphous films, but instead we determined that of the
cryostat. The vessel was filled with liquid nitrogen, or heatedcrystallized films using a value of optical density measured
with a heater to control the temperature of the substrate. Thigfter the crystallization. Since the crystallization resulted in
permits us to measuia situ OD spectra both for the amor- the y-phase crystalline stateee next sectignthe film thick-

Op=Ilog;o
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0.31 IAg I 1.deposlited at 7'7K ' 7 FIG. 4. The change in optical density at 3.54 eV during slow
j 2. deposited at 420K 3 heating (1 Kminl) of a fim deposited onto a 77 K substrate,
77K th? whose spectrum is shown in Fig. 3 as spectrum 1. The film thick-
0.2t i ness determined in thg-phase crystalline state is about 34 nm.
f
T 1 /
© / sity at 3.54 eV during slow increase of temperature. The
0.1+ result is shown in Fig. 4. In the measurement, the as-
/ deposited film was heated at a rate of about 1 Kthimp to
0 / 300 K (curve 1 and then the film was immediately cooled to

15 20 25 30 35 40 77 K prior to measuring the second curteeirve 2. Curve 1
PHOTON ENERGY (eV) clearly shows a drastic decrease in the optical density at tem-
peratures near 220 K, while curve 2 no longer exhibits such
FIG. 3. The spectral comparison between two films depositecy marked change and was shown to be of a reversible nature
onto 77 and 420 K substrates under the configuration shown in Fi@(-below 300 K from the measurement of a third curve. We
2. The film thickness determined in thephase crystalline state is ngte here that the optical density at 77 K for curve 2, 0.19,
about 34 nm. was nearly equal to the corresponding OD value of spectrum
2 in Fig. 3, 0.18 at 3.54 e\the OD spectrum at 77 K after
ness was given for that state. For this purpose, we measureélde measurement of curve 1 was confirmed to exhibit the
absorption coefficientat a particular photon enerppf the  same outline as spectrum 2 in Fig. 3herefore, the drastic
v-phase crystalline film deposited onto a silica-glass subehange in curve {Fig. 4), which is very similar in sharpness
strate heated to 420 K. The measurement was nmadéu  to previous results on amorphous Cul filfsprovides clear
on a separate vacuum-evaporation setup equipped with @vidence of a phase transition from amorphous to crystalline
quartz oscillator and a line-spectrum light souftmv pres-  states in the quench-deposited film for Agind also for
sure Hg lamp with a 253.7 nm line band-pass fjltdihe  Cul), and negates the suspicion that the film exfoliates or
measured absorption coefficient, 8.50° cm™* at 4.887 eV reevaporates during the drastic change. The transition tem-
at room temperature, was employed as a standard for detgserature(crystallization temperatur&,), which we defined

mining the thickness of the crystallized films. as the temperature determined by the extrapolated point
shown in the figure, is 216 K, nearly equal to tk2t1 K) for
l.
. RESULTS cu

We determinedT. for various film thicknesses in the

Figure 3 is the comparison of OD spectra at 77 K betweersame way. The results are shown in Fig. 5, where the ab-
two films deposited simultaneously onto discrete substrategcissa is the optical density at 3.54 eV in the amorphous
one cooled to 77 K(spectrum 1 and the other heated to state;Op=1 on the abscissa corresponds to 12 nm thickness
420 K (spectrum 2 The film thickness(determined in the of the crystallizedinto y-Agl) film. As seen from the figure,
v-phase crystalline stgtds about 34 nm. As seen in the
lower panellexpanded view near the fundamental absorption . . . r

edge of the figure, spectrum 2 exhibits tt# , and Z3 ex- o
citon peaks characteristic gtphase crystalline Ag(Ref. 6 2201 0o ©
(the absorption coefficient in the exciton transition region is 210k 0o ©
comparable in magnitude to that in Ref).. ®n the other o ©

hand, spectrum 1 is characterized by extremely strong ab- w200k o

sorption over the whole measurement spectral rangeer o Agl

pane) compared to spectrum 2: For example, in the exciton- 190

transition energy regio8—4 eV}, spectrum 1 has more than

ten times larger optical densities than spectrum 2; at the 1300 % é 3' A
same time an about 1 eV lower optical energy gap is exhib- 0D

ited for spectrum 1.
The film deposited at 77 K was subjected to the subse- FIG. 5. The crystallization temperatufie as a function of the
guent measurement of continuous change in the optical demmmorphous-state optical density at 3.54 eV.
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temperaturg 8 phase. Further annealing at higher tempera-
tures brought about little change in the spectrum.

IV. DISCUSSION

As is well known, valence and conduction bands in semi-
conductors retain their meaning even in the amorphous state,
and the density of statd®0S) of the bands is almost unal-
tered by amorphization since the gross feature of electronic
states is determined by the short-range order. But the lack of
the long-range order in the amorphous state leads to the re-
laxation of thek-conserving and/or symmetry-imposed se-
lection rule. Such a relaxation sometimes gives rise to a sig-
nificant result, particularly in the case of indirect-band-gap
semiconductors. For example, optical absorption in Si is
strongly enhanced by amorphization in the otherwise weak-
absorbing(due to indirect transitionsphoton-energy region
near the indirect band gap, 1-3&¥It is nevertheless still
important to recognize that there exists a global similarity in
. . . . the spectral outline between the crystalline and amorphous

2 3 A 5 6 states(as is indeed the case in)Sis far as the main feature
PHOTON ENERGY {eV) of the DOS functions for the energy bands are based on the
. ) same short-range order.

FIG. 6. Thg effegt of annealing on the abgorpuo_n spectrum ofa |nthe case of Agl, where the amorphous films transform
guench-deposited f_llm. The scale on the ordinate is given only fo, e y-phase crystalline films, the situation seems to be
:?e( lowest Spgftrat'n t?]mh pan‘.ef'.s’ dlabelled?m;ﬁr panel and Z?OTh somewhat differenty-Agl is known to have a direct band
e e i 20520 aL hel point i he allwed ype of opcal ransior
40 nm matrix element between the band edgese, e.g., Ref. 12

' Therefore, the observed large redskiifiueshify, by ~1 eV,

due to amorphizatiofcrystallization cannot be attributed to
T, decreased with decreasing film thickness, more and morghe relaxation(requirement of the k-conserving selection
for Op<1. Similar tendency was also observed for Qudt  rule, nor to the relaxatiorfrequirement of the symmetry-
shown in the figure The lowerT.'s for thinner films are imposed selection rule at tHépoint. More important is the
attributable to surface effects: the film surfaces have the effact that there is no global similarity in the spectral outline
fect to lower the nucleation activation barrier and grainbetween the crystalline and amorphous states. In particular,
growth activation barrier. the absorption intensity is too largely enhanced by amor-

Figure 6 illustrates the effect of annealing on the spectrabhization over the deep interband energy region to interpret
structure of a film deposited at 77 K. The film thicknessin terms of the relaxation effect of the selection rules: no
(determined in the-phase crystalline statés about 40 nm. matter how completely the selection rules are relaxed, the
Spectral measurements were carried out at 77 K for increasamorphous film could not exhibit more than ten times larger
ing annealing temperatures as indicated. The annealing timgptical densities than the crystallized films in the strongly
was 10 min for each. Heating and cooling in each annealingbsorbing, or, direct-transition, photon-energy regi@r4
cycle were performed at rates of 1 and 20 K mlinrespec- eV in Fig. 3 as far as the short-range ord@nd thus the
tively. main feature of the DOS functionss unaltered by amor-

As seen from the figure, the spectrum in the amorphoughization. Therefore, the chemical bonding responsible for
phase became rich in structure with increasing annealinthe short-range order that exists in the crystalline state is
temperature up to 180 K; the behavior is in contrast to theconsidered to have changed into a different one by amor-
case of Cul, where almost no effect of annealing is observeghization.
in the amorphous phase. This reflects that the amorphous Such anomalous change in the short-range order due to
Agl film may relax to achieve better-defined short-range or-amorphous/crystalline transformation is not too surprising in
der than in the Cul case by thermal events before crystalliview of the polytypism of Agl mentioned in Sec. |. For ex-
zation. On further annealing at 220 K, there occurred arample, the rocksalt modification has the indirect band gap
abrupt change in the spectrum due to crystallization, givingvith the valence-band edge at the point and the
rise to the drastic reduction in absorption intengitpte the  conduction-band edge at theor X point!! This might ac-
magnified OD scale for the crystalline phaseer the whole count for the amorphization-induced redshift. However, the
measurement spectral range as expected from Fig. 4. Thalculated DOS is not “too largely” different from that for
resultant spectrum showed the same outline as that of the-Agl (unfortunately, fundamental optical absorption spec-
y-phase crystalline film deposited at 420(Kig. 3), exhibit-  trum extending into deep interband energies is not available
ing the Z, , and Z; exciton absorptions. It is interesting to for the rocksalt modification Anyhow, the new short-range
note that the amorphous film crystallizes into thephase order in the amorphous state should be based on a new
(even at 220 K without passing through thdlower- scheme of chemical bonding in which the methlwave
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functions, as well as p wave functions, contribute in such a parts of these electrons contribute to the deeper-energy opti-

way that a considerable amount of theelectrons with a cal absorption above 6 ethote the increasing optical den-

high DOS take part in low-energy optical absorption, al-sities towards high energies, upper panel in Fig. 6

though the identification of the associated crystal-structure The same discussion may also apply to the previous re-

type is a future problem. sults for Cul apart from the detailed or quantitative differ-

To obtain a measure of the integrated absorption intensityence.

we roughly estimate the effective number of electrons per We are ready to measure dc and ac conductivity of the

Agl molecule contributing to the absorptiom,;. The quan- amorphous film to observe, if any, superionic conductivity

tity is defined as such as reported for Agl-based halide glas$e¥The mea-

surement may provide further information on the nature of

am E the short-range interaction that is based on the above-

Ne(E) = 262N fo E'n(E’)k(E')dE’, 3 mentionedp-d hybridization.

wherem is the electron mas$\ is the number of Agl mol-
ecules per unit volumel: andE’ are the photon energies, V. CONCLUSION

andn andk are the real and imaginary parts of refractive Amorphous Agl films prepared by quench deposition ex-
l(r]ndo?/i/(ﬁ Siltnicset)tgt?e\r/a;ltl;eeri?)lgg/r éﬁeaigzgweuse;gg;;g:'forhibited .extrc.emely enhanced optical absor_ption compargd to
Eq (3)’ crystalline films. This was confirmed by directly comparing
D the absorption spectra between the amorphous andythe
phase crystalline films deposited simultaneously onto two
n(E) = (In10mc fEn(E’)O (E")dE’ 7 discrete substrates put on a single sample holder, one cooled
eff he?Nt  Jo D ' to 77 K and the other heated to 420 K. The amorphous films
) ] ) ) exhibited well-defined crystallization temperatures depen-
wheret is the film thickness. Here, the produdt remains  gent on their thickness, from 22@hick) to 180 K (thin),
con.stant'throughout the amqrphous anq crystallipe states fQfe|ding the y-phase crystalline films. The extremely en-
a given film becausblt multiplied by the film area is the net hanced optical absorption in the amorphous state cannot be
y-Agl value. Therefore, we can obtain a rough estimate ok_conserving and/or symmetry-imposed selection rules, sug-
Nei(E) by replacingn(E) (which is unknown both for the = gesting that there occurs a fundamental change in the short-
amorphous and the crystalline statby an “averaged” in-  range order, and thus in the density of states, by amorphiza-
dexn,,. From the OD spectra in Fig. @urves labeled 77 tjon. A possible explanation is-d hybridization such that a
and 300 K, ey is determined aE=6 eV to be 3.61,, for  considerable amount of the metdlelectrons take part in
the amorphous state and 0174, for the y-Agl state using |ow-energy optical absorption together with thp Electrons
Eq. (4). [The value ofn,, may be of the order of 1 or 2 for e to the change of the short-range order.
both states; according to a@sum rule,n(E’) in Egs. (3)
and(4) can be replaced by 1 in the limi—oe, integral up
to o, see Eq(10) in Ref. 23] Therefore, it turns out that a
considerable amount of Agddand | 5p electrons of total 16 ACKNOWLEDGMENTS
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