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A study of the optoelectronic properties of strained 40 njmdBaN layers on GaN films is

presented. The fact of pseudomorphic strain leads to a new interpretation of the film composition
when derived from x-ray scattering. In addition we directly confirm that strain induces huge
piezoelectric fields in this uniaxial system by the observation of Franz-Keldysh oscillations in
photoreflection. As a function of composition (0 < x < 0.2) and strain we derive the electronic band
gap energy and the piezoelectric field strength. We interpret both in terms of effective bowing
parameters and piezoelectric coefficients, respectively. From a spatially resolved micro
photoluminescence at room temperature we find no evidence for spatial band gap or composition
variations of more than 60 meV over the length scale from 1o5&=0.187) in our material. At

the same time, an observed discrepancy between photoluminescence peak energy and
photoreflection band gap energy increases with x to some 160 meV. We attribute this redshift to
photon assisted tunneling in the huge piezoelectric fields (Franz-Keldysh effect).

1 Introduction revealed by spatially resolved experiments [16] [17]

Significant progress in the hetero-epitaxy of group_“|[18] have been reported to find grain-like features that

nitrides [1] using low temperature deposited buffer |ay_could define areas of variable band gap energy. In the

ers [2] [3] [4], multiple buffer layer techniques [5] and extrgme case large electric dipolg mpmentg in qugntum
lateral epitaxial overgrowth [6] have led to recorddot—llke features [19] could result in high optical gain of

breaking devices such as light emitting diodes and Iasépe material which should be beneficial for laser device

diodes [7][8] in the UV, blue and green region as We”performance (171 [18].

as high frequency [9] and high power [10] switching In order to elucidate the optoelectronic properties of
devices. As a function of composition the alloys of GaNGalnN we present our studies of,Gé&n,N/GaN (0 < x

and InN should cover the entire spectral region from the 0.2) single heterostructures by photoreflection (PR),
very near UV to the red while AIGaN covers a widephotoluminescence (PL), and spatially resolved PL.
range in the near UV. In detail, however, significantSome aspects have in part been published elsewhere
controversy exists about the compositional dependenqeo] [21] [22] [23]. The paper is organized as follows.
of the electronic band gap in &dnyN and its hetero-  After this Introduction(Section 1.) we give details on
structures with, i.e., GaN (see. e.g. Refs. [11] [12])the samples and experiments in Experimental (Section
Comparing electro- and photoluminescence results witR.). We will first discuss the Strain and Composi-
photo voltage and electroabsorption data Chickibal  tion(Section 3.) of our samples based on x-ray diffrac-
[13] [14] [15] find significant discrepancies in the bandtion results. We then address the  aspects of
gap energy between absorption and emission energi@®mogeneity in a Section 4. Spatial Fluctuations, then
amounting to some 100 to 300 meV. It has been pranterpret and discuss PR data in terms of the Electronic
posed that this effect should be correlated with the diffiBand Gap Energy (Section 5.). We continue with the
culty to homogeneously incorporate high InN fractionsdetermination of Piezoelectric Fields (Section 6.) and
during layer growth [16] [17] [14] [15]. Indeed inhomo- interpret it in terms of Piezoelectric Constants (Section
geneous luminescence and structural properties ag). This leads to an interpretation of the Luminescence
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Band Gap in Section .8 and conclude in Section 9. Con- c(x) = cgan (1X) + Cjpy X =5.184 A (1%) +5.705Ax, (1)
clusions.
a(x) = agay (1-X) +apy x=3.188A (1x)+3540Ax. (2

This dependence and the following discussions are
based on the assumed validity of Vegard's law for the
Single Ga.In,N/GaN heterostructures with an InN interpolation of the lattice parameter from the binaries
fraction x in the range of 0 < x < 0.2 were studied.for strain-free material [30] [a] . We refer our data to
Samples were grown in metal organic vapor phase epithe strain condition of the gm epitaxial GaN layer
axy (MOVPE) on (0001) sapphire substrates using lownderneath the ternary film where we obtaij+ 5.189
temperature deposited AIN buffer layers [24] [25]. Fur-A, &= 3.182 A and derive strain values, = a/a, -1 <
ther details have been given in Ref. [22]. Ternary layerg, and, as a consequence within Hook's Bw= c/c,
at a thickness of 40 nm were grown pseudomorphically 1 = Gy/Caz & > 0. For x = 0.2 we therefore

onto 2um GaN.  Pseudomorphic growth and x Werinduce straire,, = 0.015,, = -0.023. For comparison

determined from high resolution x-ray diffraction of a itaxial GaN fi . | ~ 0.0012
and c lattice constants [25]. PR at room temperatur@ epitaxial GaN films - strain values updg, = 0.

was performed using a Xe-arc lamp source in near-to?'¢ obtained depending on substrate and growth tech-
perpendicular reflection. Periodic photomodulation wadliaue [31].

performed using a 40 mW 325 nm HeCd Laser. The AC For the pseudomorphically strained case we conse-
signal component was normalized to the DC signafiuéntly derive

forming AR/R. The phase was fixed to the phase of the

2 Experimental

PL. Macroscopic PL under identical conditions was a=3.1824A, ®)
performed using the same laser. Micro PL was per-
formed with 20 mW of a 325 nm laser focused to a spot x=1.165 (c/ A-5.184) [1-0.16(c/ A-5.184)] - 0.01, @

where the last offset term results from the strained
Oconditions of the GaN epilayer [20]. The deformation
of the unit cell therefore significantly affects the inter-
pretation of the InN fraction from c-lattice constants in
3 Strain and Composition x-ray diffraction [22]. Neglecting the strain conditions

Due to the lattice mismatch of GaN and InN large straiff €SUlts in a overestimated composition X with

is induced in the epitaxial layer system at the heteroint-

erfaces of GalnN and GaN. Using the theoretical models x=0.62 ' ~0.059x*. (5)

of Fischeret al [26] and Matthews and Blakeslee [27]  Many composition values cited in the literature are
that have been successful in predicting the conditiongherefore likely to overestimate x by roughly a factor of
i.e., in GaAsP systems [27] a relaxation of the biaxially2. At present we are not aware of any model that could
compressed layer should occur for critical layer thick-explain the large thicknesses of the unrelaxed layers.
nesses of 4 - 14 nm (x=0.1) and 6.3 nm (x=0.2) wheNVe tentatively assign this observation to the fact of a
room temperature stiffness constants of GaN ar8igher degree of ionicity contributing in the bonding
applied [24]. Here, however, for all the Ggn,N/GaN forces in the nitrides [20] and the uncertainties of the

samples in the study (0<x<0.2) no relaxation can b&liffness constants at the growth temperature.

observed at a ternary film thickness of 40 nm. This has

been documented by the line-up of the a-lattice cong  gpatial Fluctuations

stants of the (2 0 2) x-ray diffraction maxima in k- . . .

space mapping [1]. Consequently a large biaxial COm:%ver_al groups reported the ot_)se_rvatlon of a spatial vari-
ation in the contrast of transmission [16] and scanning

pression is maintained throughout the thickness of thglectron microscopy images [32] of GalnN layers as

GalnN layers. Assuming a linear variation of the lattice ell as in the cathodoluminescence intensity [17]. In

constants in unstrained GalnN between the values a/}Iart these effects have been attributed to compositional
GaN and InN and the stiffness constants of Ga!\? P

luctuations [17] exceeding the degree of typical alloy
C15711.4 x10' dynienf, c3=38.1 x10M dyn/enf,  fiyctuations. Indeed In-rich areas or islands could result
derived from Brillouin scattering [28] (for a discussionin |ocations of lower band gap enhancing radiative
of the issue of varying stiffness constants see Ref. [298Bmission by localizing the carriers and possible
we find the following strain conditions as a function ofenhancement of wave function overlap [19] [33]. In
composition x for the unstrained case: these cathode-ray experiments care must be taken to
avoid possible strong effect by the observation itself.

size of 1pm? and confocal microscope collection.
Automated spatial mapping of micro PL was performe
using an x-y stage and sequential acquisition.
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Radiation damage has been proposed to alter the condin the length scale 1 - 50m is not the origin of the
tions of the sample and possibly create contrast updoroad PL line. The fact that samples can be obtained
observation [34] [35]. Annealing experiments of GalnNthat show this narrow distribution of the PL gap energy
have shown that In-rich regions can be formed by heaindicates that observed broader variations are not
ing [36]. impossible to overcome and that they are most likely
In x-ray diffraction of GalnN composition series the induced by an instability in the growth process rather
appearance of multiple extrema has been attributed tfvan by insurmountable disorder or ordering effects in
the coexistence of distinct alloy compositions [31]Gay_In,N/GaN, x=0.187. In this material we therefore
[37]. Theory indeed predicts regimes of growth condi-have no indication that the formation of quantum dots
tions under which a phase separation of alloys of differin In-rich regions plays a significant role in the domi-
ent composition should occur [38]. According to thesenant light emission process.
results, a large and symmetric separation into phases
with x;=y and %=1-y should be expected under equi-5 Electronic Band Gap Energy
librium conditions. Under epitaxial non-equilibrium (0<x<0.2)

growth conditions typical for MOVPE, however, it

should be possible to stabilize films of homogeneoughe problem in the description of the radiative emission
composition x0.20 [34]. process is accompanied by an uncertainty of the com-

In order to identify the role of possible fluctuations positional dependence of the band gap energy. To this

and their contribution to the emission process we pelgnd we performed PR spectroscopy on thin layer struc-

formed a spatially resolved PL mapping (T=300 K) cov-1Ures (T:30.0 K. Figure 3 represents the arbiftr.arily
) 2 5 . scaled PR signdiR/R in the sequence of composition.
ering an area of 5@50 pm” at @ 1um® resolution |, o) the spectra a sharp and narrow signal is seen at
defined by the UV excitation laser spot [21]. For 3. Ga 3.42 eV marking the excitonic band gap in GaN under-
xINyN/GaN, x=0.187, single heterostructure the peakyeath the ternary layer. This narrow signal with line-
energy of the PL maximum is shown in Figure 1a)widths of 10-20 meV contrasts to a significantly
(The energy scale is color-coded from dark red tdroader signal at lower energies assigned to the band
white). The respective peak intensity is shown in Figurgjap in GalnN. The large oscillation period indicates a
1b) on a logarithmic scale. A spatial fluctuation of thestrong interaction of a continuum of states with a second
peak energy is readily observed with a total energetic@dartner state [39]. The continuos nature of the signal
variation of 40 — 60 meV. and additional extrema on the high energy side strongly
For the ease of visual interpretation a portion of thendicate that this signal are Franz-Keldysh oscillations at
intensity image has been arranged next to the correhe band gap in the presence of a large electric field F
sponding peak energy data and flipped around the y40] [23]. The interaction partner therefore is the same
axis. In this presentation the high symmetry of both valcontinuum of states separated in real spacAxognd
ues becomes obvious. Apparently areas of lower emishifted in energy bAE = F eAx. Figure 4 gives a sche-
sion energy only contribute with a smaller intensity.matic of the bandstructure in the presence of an electric
States of lower transition energy are therefore not prefield. Tilting the bandstructure in real space by applying
ferred in the emission process over states with highet field F electrons in the conduction band are reflected
energy. at the barrier formed by the forbidden band gap. Consid-
Figure 2 represents a statistical analysis of this dataring a specific location of an interband transition indi-
The peak energy centers at 2.615 eV with a halfwidth ofated by the red line a fixed phase correlation is
25 meV ( Figure 2a). A low energy shoulder extends foestablished between the wave functions of the previ-
50 meV. However, weighing these peak positions withously free electrons with respect to energy. In the result
their respective intensity these low energy contributionan oscillatory behavior is observed in the density of
are strongly suppressed and the high energy parts aseates in the vicinity of the band gap. Taking into
enhanced. This clearly indicates that luminescence origaccount the full dispersion at the bandedge in three
inating in states below the main transition energy do nadlimensions Aspnes has given a description of the PR
significantly contribute in the emission process. Insteadignal in terms of the electro-optical functions [41] [42]
the dominant transition appears with a very narrow linefb] . Oscillations are not limited to energies above the
width of 28 meV ( Figure 2b). band gap. Instead interference occurs as well with the
The emission linewidth in every pixel, however, canevanescent part of the wave functions tunneling into the
be as large as 160 meV and is significantly larger. Thband gap. From comparison with the electro-optical
different halfwidth in the emission spectra and the variafunctions the DOS band gap energy lies close to the
tion of the peak energy indicates that spatial fluctuatiomverall PR minimum. Due to the high symmetry of the
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oscillation we assign the PR band gap to this minimumve assign it to the piezoelectric field induced by the
energy [22] [40]. heteroepitaxial strain along the z-axis.

The resulting values can be best described by an Figure 6 depicts the field values as a function of the
interpolation of the energies in the binaries consideringpplied heteroepitaxial strain. We observe a clear trend

an effective bowing parameter b in [20] [22]: towards larger fields for increased strain. The observed
sample-to-sample scatter is well beyond the statistical
Ey =342V (1x) + 1.89 eV x ~bx (1-x) . @  error of the experiment. The field increases at an average

Here we use the band gap energies of the epitaxigifferential slopedF/oe,,=3.4 - 3.7x10° V/m. In addi-
GaN layer and the literature value for InN  [43]. Within tion the majority of samples exhibits an offset behavior
the range 0 < x < 0.2 we find a good description fotthat corresponds to a strain-free polarization of P=3.7
b=2.6 eV  [22] in this absorption-type PR band gapx103 C/m?. Note that neither direction nor sign of the
PL data finds smaller values for the effective emissiorelectric field can be determined directly in these experi-
band gap and the data can be well described assumingents  without assumptions of the photoscreening
b=3.2 eV [24][22]. mechanism. Franz-Keldysh oscillations are governed by

The strain-free condition can be extrapolated fronthe largest field component assumed here to lie in z-
the above data using the experimental band gap defadirection. The observed offset behavior, however, indi-
mation potential of GaMEy, 0¢,, =15.4 eV [31]. In cates that strain-free polarization and strain induced
the result b=3.8 eV is found for the DOS band gap irPolarization are of opposite sign. Some samples do not
strain-free Ga,In,N , 0<x<0.2  [22]. This perfectly show this retardation effect and exhibit significantly
agrees with a recent absorption study by McCluskey higher field values pe'aklrjg in F=1.12 MV/cm for
al. [44] finding b=3.8 eV for x=0.1. First principles cal- £2z=3-2 %, x=0.18. This field corresponds to a large
culations by several groups, however, find that the boweffective piezoelectric charge density of 82012 cmi?
ing parameter should vary significantly with confined to @&-layer at the interfaces. The offset behav-
composition, i.e. b = {4.8, 3.5, 3.0} eV for x ={0.0525, ior therefore suggests that it is produced by an apparent
0.125, 0.25}, respectively (For details see Ref. [22]). relaxation in piezoelectric polarization. This relaxation

The above finding is based on the composition deteiis not accompanied by a strain relaxation that would be
mination described in Chapter 3. Strain and Composiebservable in x-ray diffraction. We tentatively assign
tion. Neglecting the pseudomorphic strain conditionghis process in part to screening by mobile carriers and
and using x' values instead the PR data would be betfte generation of structural defects suitable to compen-
described by b=0.9 eV. This value is close to the dataate the piezoelectric fields such as inversion domains.
found by Nakamurat al [45] [46] [47] described by b Takeuchiet al [50] [51] studied the bias voltage
=1eV. The earlier results by Osamatal. [32] find-  dependence of the photoluminescence in GalnN/GaN
ing b=1 eV is based on a single parameter fit to dateultiple quantum well device structures on both, sap-
covering the entire composition range. Three PL datahire and 6H-SIC substrate. Under a variation of the
points falling in the x-range considered here are in facbias voltage across the structure the quantum confined
better described by our value of b=3.2 eV [22]. Stark effect was demonstrated. From the blue shift of
the PL under reverse bias the piezoelectric field was
found to have the opposite direction than the bias field
The PR oscillations exhibit several side extrema on thevhich points from then-layer on the substrate side to
high energy side ( Figure 5). The field is proportional tathep-layer on the growth surface side. In these MOVPE
the main oscillation period to the power of 3/2 andstructures biaxial compressios,{<0, €,,~0) of the
therefore varies faster than the period itself. An interprewe” |ayer therefore induces a downward S|0pe in energy
tation of the oscillation period according to Aspnesof the bandedges towards the growth surface between
[41] [42] [48] allows for a determination of the electro- the fixed piezoelectric charges. A schematic of the dis-
optical energy and the strength of the electric fieldribution and fixed piezoelectric charges together with
across the ternary layer [23]. In this direct determinathe resulting fields and bandedge structure in an

tion the only material parameter is the joined DOSyndoped double heterostructure is shown in Figure 7.
effective mass assumed to be fixed at the GaN value of

m*=0.2 m, [49]. Field values up to a maximum of 1.12 7 Piezoelectric Constants

MV/cm are observed. The large value of the field and'he polarization P of the heterostructure sample is the
its insensitivity to the modulation intensity indicate thatsum of an equilibrium polarization.§ (also somewhat
this field is not induced by the photogenerated carriersnisleadingly labeled spontaneous polarization) in the
Instead it is a constant field present in the structure angbn-centrosymmetric structure in this partially ionic

6 Piezoelectric Fields
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material and contributions from partial derivatives with predict values of R=-29 x10°3 C/n? anddPo €,~2.37

respect to temperatur@P/0 T, compositiondP/ X, . _
straindP/ € as well as their spatial derivatives, eIec-C/mz' equivalent to £, = 0.79 C/m. These values are

tronic response effects like screening of mobile carrier§igher by a factor of eight compared to our values but
and macroscopic contributions of surface terminationscompare better with the results of Bykhovekal [52]
charges, contaminations and applied voltaggs P/ ( Figure 8). Quantitative discrepancies of theoretical

T ox is referred to as the pyroelectric component, WhiCl‘End expe.rimer?tal piezoelectric coeﬁicignts have also
historically also labels the total polarizatiodP/0 € d¢ een Ot.’tamEd n other compound materlals [55] These
is the piezoelectric component. large piezoelectric charges come in pairs of positively

In thermodynamic equilibrium the inner polarization agd ne_gatllvetljy I(;ha(rjgeq Iaylers an(_jr:]ormta perfqtl;& peré-
is balanced macroscopically by external fixed chargeg ICc single defta doping layer. 1he strained induce

leading to vanishing F in homogenous layers. This isareal charge density of
equivalent to a shortcut between the surfaces. At the

GaN-GalnN heterointerface, however, fields may exist ON/de,, =1.9 x10cm™?  and (11)
locally the strength of which is given by
fo€r . = Pegiatny — Poggay = AP = %P'J.r + L: P AE. AN/ dx =3.4x10'% cm™2 (12)
chr e -
@) - correspond to

In the above experiment we can not distinguish con-
tributionsdP/0 € and dP/0x. Due to the similar ratio c/a
of the lattice constants in GaN and InN we attribute the

field entirely due to the piezoelectric component, e e

f e e ble unless charge densities reach similar large values.

OP[0e > OF/0r The accumulations of such a huge charge density is of
In wurtzite the piezoelectric polarization along the z-significant relevance for high power devices.

axis is given by

N=6.8x102cm2 for  x=0.2. (13)
Doping and screening effects therefore are negligi-

P, = €31 (& * &yy) + €33 €5, (8)
where g; and g3 are components of the piezoelec-8 Luminescence Band Gap
tric tensor. Assuming a constant dielectric coefficienfThe maximum of the PL in the vicinity of the band gap
€=10.4 at the value of GaN amg,=¢,,=€,, C3JCi3  appears to be redshifted with respect to the absorption
we experimentally find DOS band gap derived in the PR experiment. Figure 9
gives pairs of PL and PR in the 40 nm single hetero-
structures (see Ref [23] for a detailed analysis). Vary-
" . ing with composition the redshift can be as large as 110
In order to compare with literature data we continue 160 meV. Similar values between PL and absorption-
with the quasi-cubic approximation where, 32 yne photovoltage wave been reported by Chickibal
e14 (2+c35/C13) €5, holds resulting in on thin film heterostructures [13] [14]. The PL line-
widths amount to about the same high values (note that
at the same time the variation of the weighpegk
. L energy in the spatial mapping (Chapter 4.) can be as
obt;\rirlllz dvg;u%;ihzgglgfa;;“y[sg ?:e;r)iégi?e;?siiv\i@ Y€ small as 28 meV). The redshift approximately corre-

) ) ~ 7 sponds to one halfperiod of the Franz-Keldysh oscilla-
experiments £70.56 C/nf. Our value, however, is Sig- tion near the band gap. We therefore attribute this
nificantly closer to the trend of the piezoelectric coeffi-redshift to the Franz-Keldysh effect [23]. Spatially indi-
cient g, in other Ill-V and 1I-VI ( Figure 8, after Shur rect transitions across the band gap appear at lower
[53D). energy due to the tilting of the bands. At the same time

Bernardini, Fiorentini and Vanderbilt [54] recently the transition probability is reduced exponentially as the
performed first principles calculations of the piezoelecarea under the triangular tunneling barrier grows with-
tric properties in the nitrides and derived the piezoelecout involving impurity or defect states (see schematic in
tric coefficients and values for the  equilibrium Figure 4):
polarization. Indeed, the equilibrium polarization of
GaN and InN is found to vary by only 10 % justifying

e33-3.34 3, =0.3C/Im?. ©)]

€14=0.1+0.01 C/m?. (10)

our above approximation to neglect the composition T'm exp | =2 [2ms (Ey = E)V?
effects in the equilibrium polarization. For GaN they 3\ ek (14
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Within a halfperiod of the first Franz-Keldysh oscil- tures. Altogether we are convinced that the above devel-
lation AE = (3n/4P(RF)¥*(2me) ™ e transition oped framework will help to elucidate the exiting

probability has decayed to 4 % of its value at the DO Jc;pﬁﬂtﬁﬁsefggxﬁmpr;gfﬁ ggt/(?(r:zztructures and lead
band gap [23]. In this framework initial and final states '

are states of delocalized carriers. The exponential "tail"

is not induced by any disorder or impurities but rathelACKNOWLEDGMENTS
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Figure 1. Spatially resolved PL mapping of an area of5D
um? (T=300 K). a) Peak energy, b) peak intensity. A portion of
the intensity map has been flipped and arranged next to the
energy map. A spatial fluctuation in peak energy directly
corresponds to a variation in intensity. Intensity is highest for
high emission energy.
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Figure 3. Photoreflection of the stressed GalnN/GaN layers as
a function of composition. Measured c-lattice constants and
interpreted x-values are indicated. In contrast to the narrow
excitonic signal at the GaN bandedge, a very broad oscillation
is seen at the GalnN band gap. The PR DOS band gap is
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Figure 2. Energy distribution of maximum PL emission. a)

associated with its dominant minimum.

Fraction of areal occurrence, b) same, weighed by its relative ==

peak intensity. The scale for the coded energy is identical to S

Fig. 1. Luminescence peak energies show a very narrow 8

distribution in energy. Lower energy peak emissions are ||

irrelevant when their relative intensity is taken into account.

The brightest emission occurs in the high-energy end of the X

distribution.
Figure 4. Schematic of the electronic bandstructure in the
presence of a large electric field F. Due to reflection at the
inclined conduction band edge states in the conduction band
establish a phase correlation in energy in the location of the
interband transition indicated by the red line (Franz-Keldysh
oscillations). Below the band gap energy evanescent waves
contribute at an exponentially decaying rate controlled by the
tunneling probability given by the area of the lower shaded
triangle (Franz-Keldysh effect).
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Figure 5. PR signal in the vicinity of the GalnN band gap. All +
spectra show subsidiary oscillations on the high energy side Fz
Extrema are indicated by ticks. The period of these Franz- 0 -
Keldysh oscillations is a direct measure of the electric field ! ) E.
acting across the GalnN layer. Growth direction

Figure 7. Schematic of the strain induced along the growth
direction, the resulting-layers of fixed piezoelectric charges,
and the resulting bandstructure for a GaN-GalnN-GaN
heterostructure. The proper direction of the electric field found
in our growth process is indicated as derived in Ref. [51] .
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Figure 6. Derived electric field values as a function of strain and
composition. A maximum field of 1.12 MV/cm is identified.
The strain condition of the GaN layer is taken as a reference. F
in the large number of samples follows a common slope. Two
sub sets approximated by the red and blue lines exhibit finite
and vanishing offsets, respectively.
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Figure 8. Cubic and quasi-cubic piezoelectric coefficignire o — _8
various compound semiconductors versus their ionicity. Our 5 o7 o
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Figure 9. PR and corresponding PL of thin film GalnN/GaN
single heterostructures. With increasing &, and F the
splitting of the dominant PR minimum i=0 and the PL
maximum increases. The PL maximum closely coincides with
the i=-1 maximum. We attribute this splitting to the Franz-
Keldysh effect.

10 MRS Internet J. Nitride Semicond. Res. 3, 31 (1998).
© 1998-1999 The Materials Research Society

https://doi.org/10.1557/51092578300001034 Published online by Cambridge University Press


https://doi.org/10.1557/S1092578300001034

