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Diminished Medium-Range Order Observed in Annealed Amorphous Germanium
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We use variable coherence transmission electron microscopy to examine medium-range ordering
in vacuum-deposited amorphous germanium. The method accesses higher-order atomic correlations
through statistical analysis of hollow-cone dark-field image speckle. This yields greater sensitivity to
medium-range order than the familiar pair correlation function obtained from diffraction. We find that
thermal annealing of amorphous germanium reduces the degree of medium-range order, affirming the
thermodynamic stability of the random network. [S0031-9007(97)02365-X]

PACS numbers: 61.14.Rq, 61.16.Bg, 61.43.—

The absence of information on higher-order atomic cormental variable. Alternative quantitative approaches to
relations is a serious obstacle to the deeper understandimgicroscopy and microdiffraction of amorphous materials,
of amorphous structures [1]. Although diffraction studieswhich do not exploit variable coherence, have also been
elucidate short-range order in amorphous materials [2—4Hiscussed [10,11]. Another method to obtain higher-order
their output, the atom pair-correlation function [5], is in- correlation functions from x-ray absorption spectroscopy
sensitive beyond short range. Exploiting the sensitivityhas additionally been identified [12].
of higher-order atomic correlations to medium-range or- On the basis of pair correlation functions, it has been
der, we use a microscopy method to show that mediumdetermined that the amorphous tetrahedral semiconductors
range order on the 1-2 nm scale is diminished afteSi and Ge can be classed as continuous random networks
annealing of deposited amorphous germanium. Increasdd,13]. Calorimetric studies have shown that amorphous
short-range order comes at the expense of medium-rangge undergoes a significant structural relaxation on thermal
order, and implies that the annealed specimen better apnnealing below the crystallization temperature [14]. In
proximates a continuous random network (CRN). Thisfact, up to 50% of the heat of crystallization can be
result illustrates the stability of the CRN against medium-evolved. This dramatic relaxation was originally noted
range ordering [6]. for ion-implanted Ge, but has since been detected in

Our method, variable coherence microscopy, measuresrying degrees for deposited amorphous semiconductor
the statistical properties of transmission electron microfilms [15]. Structural analysis of the effect of annealing
scope (TEM) hollow-cone dark-field images. From theshows a modest reduction in the degree of bond-angle
beginnings of atomic resolution TEM, it has been be-disorder, that is, an increase in short-range order. It
lieved that direct images of disordered materials elucidateas been assumed that this coincides with a general
atomic structure without being subject to the macroscopiincrease in medium-range ordering, although there was
averaging of diffraction experiments. Early work showedno experimental data to support the idea. Our results,
that visual inspection of images was unreliable, as randorfor evaporated Ge films, show that the opposite occurs:
effects could qualitatively simulate ordering [7,8]. EvenMedium-range order is diminished on thermal relaxation.
though the macroscopic averaging of diffraction experi-We speculate that a CRN is difficult to nucleate during
ments is avoided in high-resolution TEM, there is a formvapor deposition, but is the lowest energy state for
of mesoscopic averaging through a volume characterizedmorphous tetrahedral semiconductors. Consequently, as-
laterally by the microscope resolution, and vertically bydeposited films contain a granular structure with medium-
the specimen thickness, often containind000 atoms. range order which is reduced on annealing.

Although fluctuations in the scattering from such volumes The variable coherence microscopy technique is de-
are important they can be characterized only by statistiscribed in detail elsewhere [16]. Dark-field images, char-
cal analysis [9]. Modern technology for image recordingacterized by intensity distributionsr, «), are recorded
and processing enables such experiments. Variable cavith partially coherent illumination in a TEM. Coherence
herence electron microscopy exploits the nonlinearity ofs controlled by the hollow-cone illumination method [17].
dark-field imaging. Because of this nonlinearity, higher-Statistical properties of images are measured as a function
order atomic correlations are detectable from simpleof «, the coherence parametek is determined by the
statistical properties such as the variance of image interinner semiangler of the hollow-cone illumination and is
sity. lllumination coherence provides a valuable experi-of approximate magnitude /A, with A being the electron
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function, which is of the order of the image pixel size. FIG. 1. Simulations of the two-body and three-body correla-

Both Fj; and A;; are localized functions of the atom- tion functions of a Ge crystal that has randomized 0.1 nm dis-

pair separatiorr;; so that the upper and lower sums in order at each atom site. Note that the three-body correlation
Eq. (1) probe mesoscopic volumed/ depends on the more clearly reveals the underlying order.

joint probability distribution function of up to four atoms
j,» I, m, andn. It is possible to approximate Eq. (1) in a
form that involves no higher than three-body correlations. Amorphous Ge was evaporated at a rat@.8fnm/min
The mean intensity{/(r, «)), which is equivalent to the from a BN crucible onto freshly cleaved rock salt at room
diffracted intensity averaged over the image acceptanceemperature. The vacuum during deposition vax
angles, is dependent only on the pair distribution function10~'* torr. These 20 nm thick films were floated onto
Intuitively, the image is sensitive to spatial fluctuations,Cu support grids and examined in a Hitachi HOOOONAR
whereas the diffraction pattern is limited to the averaged’EM operating at 200 kV. Images were recorded on a
pair correlation function. Medium-range order is bestGatan 689690 slow-scan CCD camera, at a magnifica-
emphasized when the microscope resolution approximate®n equivalent to 0.63 nm per CCD pixel, and wit$00
the correlation length, and not at the highest possibleounts per CCD pixel. Intensity varianéewas obtained
resolution. by integrating the image power spectral density over a fre-
Consider one form of the three-body correlation func-quency (¥length) range 0.16:5 nm~'. The lower fre-
tion, that isp(r, | 1), which expresses the conditional quency limit eliminates the deleterious effects of both the
probability of there being an atom &t given an atom at illumination nonuniformity and any macroscopic speci-
r, from an atom at the origin. It is not widely recognized men structure. The upper limit, combined with a rela-
that this function has far greater sensitivity to medium-tively fixed average count per image, renders negligible
range order than the pair correlation function. To illus-the effect of electron shot noise. The CCD modulation
trate the point, we simulated a uniformly distributed statictransfer function was deconvolved from the data [19],
disorder of maximum value 0.1 nm added to each atomwhich therefore represent true electron intensity statistics.
in a germanium crystal. Figure 1 shows that, wherea3he width of the microscope response functiop, or im-
the pair correlation function is almost structureless beage resolution, was set at either 1.7 or 0.6 nm by choice of
yond 1 nm, the three-body correlation function reveals then objective aperture. The coherence stredgihis con-
long-range periodicity. The absence of medium- or long+tinuously scalable through electronic control of the inner
range structure in the pair correlation function comes fromangle of hollow-cone illumination. Over a prolonged pe-
the overlap of an increasing number of possible interatomiod, coarse-scale etching occurred under irradiation, but
correlations at large distances. The three-body correlatiohad negligible effect in the frequency range of interest.
was calculated here for; being the edge vector of the Previous experiments showed that specimen thickness has
local germanium tetrahedron. In a sense, the three-bodittle effect on normalized variance [16]. After initial
correlation function is “smart” in that it adapts to the lo- TEM observation, samples were vacuum-anneaiesitu
cal environment. We have done similar calculations withat 350 °C for 15 min.
amorphous models which reveal the same sensitivity. If Figure 2 shows the normalized speckle variance from a
one rotates into the local frame of reference of the highly20 nm thicka-Ge film, before and after thermal anneal-
ordered nearest neighbor in an amorphous semiconductang. In both cases, peaks appeakatalues of~3.1 and
the structure reveals greater medium-range order. Con-5.8 nm! coincident with peaks in the diffraction pat-
sequently, we would expect from Eqg. (1) that the imagetern. These data were taken with a microscope response
speckle statistics would be particularly sensitive to the exfunction A;; of width 1.7 nm. Experiments on the same
tent of medium-range order. samples using ad ; width of 0.6 nm show less speckle
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FIG. 2. Plots of the normalized variance of hollow-cone dark-
field TEM images from a 20 nm thick-Ge film before and
after annealing. Medium-range order, exemplified by the peak
atx =~ 5.8 nm !, is diminished after annealing.

and no peaks at these positions. It is helpful to think of
the F;;(kx) coherence strength terms as probing the order-
ing on a scalel/«, while simultaneously thet; terms o
probe the medium-range correlations. A peakvinfor F'(23(-) 3. "l'q‘?”fw'cone d%ﬁge'?.l'mages mom_ the same area of
a givenA; implies ordering at the length scale af;. i — ;? ntm'g_ u(nba;n&?rﬁmum?,a'rirghcé? zi)_((mﬂnml\_/a“ance’
Computations on model systems using Eq. (1) also show
that there must be atomic correlations within the Ge ex-
tending beyond 1 nm in order to produce these peaksnnealing. These are avoided in the measurements. Tsu
Simulations using the Wooten-Winer-Weaire CRN model[23], using a variety of indirect observations, has also
[20], for example, do not show such medium-range strucsuggested the effect reported here.
ture [16]. In addition, prior work on the anisotropy of Figure 2 shows a drop by a factor of 3 in the speckle
CRN models showed that they were statistically indistin-variance peak a.8 nm™! after annealing. Since a struc-
guishable from a completely random distribution of atomsture without medium-range ordering would exhibit no
[21]. Annealing the sample reduces the variance peageaks in the speckle variance we conclude that a ma-
intensities significantly, thus we conclude that mediumjor reduction in the degree of medium-range order has
range order is diminished ia-Ge on annealing. Note occurred. Experiments by others on similar amorphous
that temperature-related changes in the diffraction pattereemiconductor films [15] show considerable heat evolu-
are much more subtle but have been interpreted as motion on annealing. Lannin [24,25], using Raman spec-
est improvements in short-range order [3]. Experimentsroscopy, has shown increased short-range order after
on a-Ge anda-Si deposited on polymethyl methacry- annealing. Temkiret al. [3] found the same effect for
late under differing vacuum conditions gave qualitativelya-Ge deposited at higher temperatures. It has been con-
similar results. Preliminary results on ion-implante&i  cluded from such studies [25] that reduction in bond angle
also show the effect. disorder is a significant contributor to the free energy re-
Figure 3 shows two of the dark-field images from duction on annealing. It has widely been supposed that
which Fig. 2 was obtained. Both are from an unannealeéhcreased short-range order implied increased medium-
sample, with Fig. 3(a) taken at the =~ 5.8 nm~! peak, range order. Our experiments are the first to directly ad-
and Fig. 3(b) at thec = 4.0 nm~! dip. The difference dress this issue, but reach the opposite conclusion.
in intensity variance is clear. Three additional features Can we explain this conundrum? A question that has
are noteworthy: (1) a fine-scale structure (speckle) apuzzled several theorists in the past is—how does a ran-
~2 nm; (2) a dendritic structure at20 nm, which has dom network nucleate [26,27]? Even though the random
been observed previously and is associated with voideetwork may be metastable, it is difficult to imagine a
[22]; (3) linear features, which correspond to steps orhandful of atoms nucleating with such disorder. Gaskell
the cleaved rock-salt surface. Only (1) contributes to th¢26] proposed a noncrystalline, but highly ordered granu-
measured variance, and is suppressed in Fig. 3(b). War structure, which was later found to be inconsistent with
also observed a low density of germanium crystallitegshe measured pair-correlation function. Phillips [27] simi-
of ~10 nm size whose number increased slightly onlarly proposed clusterlike structures for other amorphous
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