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Study of structural changes in amorphous germanium-—nitrogen alloys
by optical techniques

A. R. Zanatta and I. Chambouleyron?
Instituto de Fsica “Gleb Wataghin,” UNICAMP, 13083-970 Campinas,dSRaulo, Brazil

P. V. Santos
Max-Planck-Institute fuFestkaperforschung, D-70569 Stuttgart, Germany

(Received 23 June 1995; accepted for publication 11 Septembej 1995

Thin films of amorphous germanium-—nitrogéa-GeN) alloys prepared by the rf sputtering
deposition technique have been studied by Raman scattering spectroscopy. The nitrogen content of
the samples varies between zero an8x10?? atoms cm?, as determined from nuclear reaction
analysis data. Modifications of the structural characteristics of the Ge—N alloys, probed through
their phonon density, were investigated as a function of the nitrogen concentration. In addition to an
increase of the network’s topological disorder, nitrogen is responsible, at relatively high
concentrations, for a structural transition in treeGe host. The optical and electronic
characterization of the samples confirm these changes which are highly dependent on the nitrogen
concentration. ©1996 American Institute of PhysifS0021-897¢06)01001-9

I. INTRODUCTION In this work we present a Raman scattering study of
The optoelectronic properties of crystalline-] and a-GeN alloys. !Emphasi.c_, Is given to the s.tructu_ral changes
amorphous &-) semiconductors are sensitive to small produced by different nitrogen concentrat_|ons in th&e .

changes, intentional or not, of their structure. Some optoelec,networt':]' Ran;anl res&JItls atre qomrﬁ) aredt V\{|thtlthose 0bta|||n ed
tronic characteristics can be tailored by intentional chemica]‘rqm other opticaland eleclronic characterizations, as wetl as
doping and/or by alloying different elements. In fact manyW'th calculations. The present article corroborates the ex-
semiconductor applications are the mere result of ajudiciouBeC(J;'EOI (_:hant?e 03f It'rlle bondlngt]_ (‘iraractgr 0:; thzset alloys, from
use of these “perturbations.” As a consequence, structurdf cdominantys piike (essentially e bondsto some

studies of semiconducting alloys are nowadays one of thg(_)mblnatlon ofsp™ andsp™ (or p-) like (_)rb|tals associated
main concerns of semiconductor science and technology. Iﬁ’y'th Ge—Ge and Ge-N bonds, respectively.

frared (IR) and Raman scattering spectroscopies are well-

developed probe techniques. The analysis of lattice or net-

work vibration modes has proved to be an efficient tool in!l- EXPERIMENTAL DETAILS

structural studies. _ , _ The a-Ge anda-GeN samples were prepared by rf sput-
Subject to the applicable selection rules, first-order 'Rtering a purec-Ge target in an At-(N,) atmosphere. The N
absorption occurs when the frequency of the incident radiag tja) pressure was adjusted before each deposition run and
tion n_‘natches the charactensnc_ frequ_enc_y of the ak_)sorblngept constant during the growth process. With the exception
vibration mer. In a Raman, or inelastic, IlghF-scatterlng Pro-f the N, partial pressurésee Table)l all the other deposi-
cess, the incident lightusually a laser sourges frequency tion parameters were the same for all samplEslished in-
shifted by an amount equal to the natural frequency of thgynsjc c-Sj wafers were used as substrates for IR and Raman
vibration mode. The optical investigation of network vibra- ,aasurements. Optical absorption in the near-infrékeR)
tions ina-semiconductors is favored by the fact that the ab-y g4 visible(VIS) energy ranges and photothermal deflection
sence of long-range ord¢LRO) makes possible the obser- ghectroscopyPDS measurements were performed on films
vation of all those vibration modes whose detection iNcodeposited on Corning 7059 glass substrates. From the
crystalline materials is usually forbidden by selection rU|eS'opticaI-absorption measuremehti the 0.6—3.5 eV photon
~ Since the shc_)rt-range ord(_éBRO) in a-semiconductors energy range the optical-gap-related parametes, and
is similar to that in the crystalline parents, the phonon denET and Tauc'sBY2 parameter were determined. From the
sity of states is expected to be similar to that of the crystalan;ﬂ;sig of the PDS datdin the 0.5—2.5 eV rangahe char-

line phase with some broadening due to the inherent disorde{.ieristic energyE, of the exponentialUrbach absorption
in bond length and angle. In addition to structural informa-edge was obtained.

tion, Raman scattering measurementsaisemiconductors The nitrogen content of the-GeN alloys was deter-
can give insight into the bond type and the nature of disordeiined  from a  deuteron-induced nuclear  reaction
As a result, Raman studies provide valuable dynamical a”E“N(d,p) 15\]. The method allows the determination of ni-
structural information ofa-semiconductors, as well as on trogen contents as low 48/]~10° atoms cm?® in samples

their dependence on preparation conditions a”dlohaving a typical thickness of 10 cm (see Table )l The

compositior: analysis was donaia 4 MeV van de Graaff accelerator, with
an incident deuterium beam of 610 keV. Detailed informa-
dElectronic mail: ivanch@ccvax.unicamp.br tion on the deposition conditions and on the optoelectronic
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TABLE I. Main characteristics of tha-GeN sample serie$3.'N2 andd are the nitrogen partial pressure during
deposition and the film thickness, respectivElylyza represents the nitrogen content in the samples as deter-
mined from nuclear reaction analysksy, is the energy corresponding to an absorption coefficient b£a02,
andE, is the characteristic Urbach edges determined from PDS measuremgriote: b and na mean below

the detection limit and not available, respectively.

Sample P, d [Nlnra Eos Eo
no. (mbap (em) (atoms cm?®) (eV) (meV)
1 <107’ 1.15 b 0.84 135
2 5.0x10°® 1.04 na 0.86 140
3 8.6x107° 1.00 na 0.85 147
4 1.5x10°° 1.13 1.6x10%° 0.84 137
5 4.0<10°° 1.00 6.0 107° 0.86 150
6 7.0x10°° 1.03 9.1x10%° 0.83 155
7 2.4x10°* 1.04 3.0k 107 0.84 162
8 7.5<107* 1.08 8.8x 107 0.90 165
9 2.2x10°3 1.04 1.8x107 1.16 219
10 7.5x107° 1.02 2.5 107 2.25 261
11 1.5x1072 0.65 2. 107 2.48 222

properties of the preseatGeN samples can be found in Ref. With increasing amorphicity, the sharp absorption edge
3. characteristic of crystals broadens into tails of localized

The Raman spectra were recorded on a multichannel Ratates extending into the pseudogap. These localized states
man setup using an excitation wavelength of 476.5 nm fronarise from weak bonds, which in turn originate from devia-
an Ar' laser. In order to reduce the elastic scattered lightions from ideal bond length and bond angle, a characteristic
close to the laser line the measurements were performed withf topological disorder. The energy distribution of tail states
crossed incident and scattered polarizatitve independence is associated with the Urbach enefgy, or the characteristic
of the line shape of the Raman spectra on the scatteringnergy of the exponential absorption edge, i.e.,
geometry has been checkedll measurements were per-
formed in air and at room temperature.

Table | indicates the nitrogen partial pressiitg, em-
ployed during deposition, the film thickness and its nitrogen
content, as well as the optical characteristics of the studied
a-GeN samples. Note that sample no. 1 corresponds to a ,
nitrogen-free amorphous germanium film. 25 L_/' L

a= g eX[X—E/EO). (2)

20}

|
5
5
%
1

IIl. EXPERIMENTAL RESULTS

A. Optical-absorption spectroscopy Ls | |
Amorphous semiconductors do not have a well-defined
optical gap. As a consequence, it is common practice to con-

siderEq, (the photon energy corresponding to an absorption 3

1.0

and E;, (eV)

coefficienta=10" cm 1) as a measure of the absorption edge
energy. Another definition is the so called Tauc’s dag,,.
which is given by the energy where ther{E)*? or («E)*?

vs E plot, wheren is the index of refraction an& the pho-
ton energy, goes to zero. According to this definition,

(aE)Y?=BYHE—Emyo, (1)

the slopeB*? (or Tauc'sBY? parameteris associated with
the steepness or tailing degree of the joint density of states
(DOS) near the band edgéa=10* cm™%). Figure 1 shows
the measuredE, and E1,,., and the Tauc'8Y? parameter,

as a function of the nitrogen content in the presaftteN
alloy series as determined from the optical-absorption data.
The band gap and the slope paramd&&f remain approxi-
mately constant up to a nitrogen content of arouné’ Hi-
oms cm 3. For nitrogen contents higher than this value, a
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FIG. 1. Tauc'sBY? parameter and optical gafis, andE,,cas a function of
the nitrogen content. It can be clearly seen that lgfhandE, . present an
abrupt increase gN]=10? atoms cm?®. Note that the Tauc'8'? param-

rather abrupt change is measured in the optical parameters g, appears to be more sensitive to N content than the optical gap, a con-

a way similar to that reported fa-SiN alloys®
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sequence of the changes of the character of the electronic states at the VBM.
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FIG. 2. Urbach edge characteristic enefgg determined from PDS mea- FIG. 4. Full width at half-maximum heighfFWHM (Aoqq+)] of the
surementsas a function of the nitrogen contentanGeN alloys. As shown  TO*-like mode as a function of the Urbach edge characteristic ertesgh

in the figure, two different regimes can be identified, according to the nitro-clear relationship between the two indicators of topological disorder is ap-
gen concentration in the samples. In the Ge-rich regiihg up to ~10% parent from the figure.

atoms cm®) the presence of nitrogen atoms is responsible for an steady

increase of the topological disorder. Nitrogen concentrations higher than

10 atoms cm’® are responsible for abrupt structural changes. from the TC -like mode at~270 cni'l. A nitrogen content
of up to ~10?? atoms cm* does not affect significantly the

The exponential absorption edge region usually covers th&Pectral shape, except for a slight broadening of the-ike

10 cml<a=<10" cm ! range, and roughly represents the mode. For larger nitrogen concentrations, however, radical
distribution of the valence-ban@/B) tail states, which is canges are observed. The TA- and™Hike modes broaden
broader than the conduction-ba(@B) tail. The characteris- considerably and are also shifted to higher energies. In addi-

. 71 .
tic energy of the Urbach edge afGeN samples as a func- t|onr,] a-bro?d structure ap_pearSQa’t;(.)O Cmb c.orrespodndlnfg h
tion of nitrogen content is shown in Fig. 2. to the in-plane asymmetric stretching vibration mode of the

N—Geg, skeleton, identified from IR transmission dat&or

all samples, the average frequentyo+), the intensity

(I'to*), and the full width at half-maximum height FWHM
Figure 3 shows the Raman spectra of som&eN  (Aorox) of the TO'-like mode, were determined from the

samples with increasing nitrogen concentration. In the caseeduced Raman specti&igure 4 shows\oyo+ as a function

of purea-Ge, the spectrum measured at room temperature isf the Urbach edge energy for the whole sample series. Fig-

dominated by the contributions from the TA-like mode ature 5 displays the measured Raman peak energy of the

~80 cm ! (the apparent frequency shift of this mode is dueGe—Ge TO-like mode and the wave number of the IR peak

to monochromator filtering effects below100 cni't) and

B. Raman scattering
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0 200 400 600 800 FIG. 5. Frequency shifts of the Ge—N in-plane asymmetric stretchjpg
and of the TO-like (wrox) vibration modes as a function of the optical
parameteiEy, (which depends on nitrogen concentrajioBoth the asym-
metric stretching vibration and TGlike modes display a similar behavior.
FIG. 3. Reduced Raman spectra of som&e(N) samples with increasing Also represented are theoretical data from Baetial. (Ref. 21) showing
nitrogen concentrations. The energies corresponding to thé¥80 cm %) the expected increase of the Tdke mode frequency. Large nitrogen con-
and TO'-like (=270 cm'Y) vibration modes, as well as the GeN in-plane tents are responsible for a lightening and a stiffening of the network. The
asymmetric stretching vibration mode-700 cm'%), are also indicated. dashed straight lines are linear regression fits of experimental data.
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of the in-plane asymmetric stretching vibration of the NzGe closeness and, in some cases, the overlapping of the vibra-

skeleton, as a function of the optical parameigy. tion modes ofa-semiconductors, we designated the TO- as
TO*-like mode, including in this way the probable contribu-
IV. DISCUSSION tions (mainly in the low-frequency tailof the LA- and LO-

like vibration modes.

Raman scattering studies o@-semiconductors have

Figures 1 and 2 indicate that fN]<10°” atoms cm®  shown that a correspondence exists between the deposition
(Ge-rich alloys, Eg, and the Urbach energfassociated to  conditions of the films and the measured spettr&Similar
the degree of disordemcrease slowly with nitrogen content. investigations have been performed in order to determine the
An increased topological disorder is expected on alloyinginfluence of impurities in the spectra @f-semiconductor
since nitrogen and germanium have quite different size anglosts'*~16 There is wide agreement on the fact that the
electronic  configurations. Nitrogen contenttN]=10"*  FWHM of the TO-like vibration mode oo and thel 14/l 1o
atoms cm® (alloy phasg, on the other hand, induce a rather ratio are useful indicators of structural disorder, a larger dis-
abrupt change of the optical gapee Table | and Fig.)las  order corresponding to larger FWHM ang,/I 1o values.
well as a drastic reduction of the COﬂdUCti\ﬁt?/A marked Rough|y Speaking' Changeskv—_ro Correspond to modifica-
decrease oB'? also occurs fofN]=10°” atoms cm®, the  tions in the SRO, particularly in the bond-angle distribution.
nitrogen content at which the material experiences structurafhe|TA/| 1o ratio changes are primarily due to modifications
modifications’ The abrupt changes of boB? and the op-  of the TO-like mode, which diminishes in intensity as a re-
tical gap originate from a change of the bonding charactegy|t of broadening. The relative constancy of the TA-like
and of the electronic states at the valence-band maximumontribution is consistent with theoretical density-of-states
(VBM), as corroborated from ultraviolet photoemission cgjculations which indicate rather small changes in the TA-
spectra(UPS.” The UPS experimental data indicate a de-jike intensity up to relatively large bond-angle disorder
creasing contribution of the Gepdorbital to the VB maxi-  yjues!”181t is important to note that this mode is sensitive
mum. The concomitant appearance of N fhonbonding st to the intermediate-range ordéRO). The broadening
orbitals is detected. As long as the Ge drbitals dominate  f the TO*-like mode and its shift to lower phonon frequen-
the top of the VB no significant changesti, are measured. ¢jes have been used to measure the degree of disorder in
The influence of N ® orbitals is found to be dominant for 5_semiconductor&?
[N]>10" atoms cni®. Thus, the change of the electronic The |aser energy2.6 eV) used to record the Raman

states dominating the VB maximum is the main reason folpectraFig. 3) is expected to couple mainly the valence and
the abrupt opening of the band gegee Fig. 1 The sgtuatlon conduction states associated with the—-Gge bonds. The
being depicted is similar to the case@SiN alloys. corresponding states of the G& bonds have a higher-
energy separation, as is attested by the large band gap of the
nitrogen-rich samples: These states resonate weakly with the
The vibration density of states efsemiconductors pos- incident laser field. As a result, the changes in frequency and
sesses four dominant structures in cubic lattices: linewidth of the T -like mode in Fig. 3 basically reflect the
distortion of the Ge-Ge bonds with increasing N concentra-
(1) the TA peak, due to zone-edge transverse acoustify, rigure 4 shows the FWHM of the Tdike mode
phonons at the, X, andK_ po_lnts of the Brﬂloum Zone, (Aoror) as a function of the Urbach edd®,. As expected,
(2) the LA peak, due to longitudinal acoustic phonons at theAcho* increases WittE, since both parameters are associ-

L point; o .
’ o . ated with distorted bonds, i.e., largeép values correspond-
(3) the LO peak, due to longitudinal optic phonond.aand ing to greater topological disorder. As a consequence of the

K points; and . high sensitivity of Aoro+ to the SRO, the changes become
(4) the TO pea_k, claused by the transverse optic phonons ?ﬁore important at nitrogen contents higher than??10
X andl points. atoms cm?, or in the N-rich regime. For small nitrogen con-
The overall shape of the vibration density of states oftents,[N]<10?® atoms cm?, the symmetry of the bonds is
a-semiconductors can be qualitatively related to the crystalmostly determined by thep®-like character of the GeGe
line density of vibration states by convoluting it with a suit- bonds. The changes measured for large nitrogen cofitent
able broadening function, a consequence of the inherent taich samplesare attributed to the drastic bond-angle distor-
pological disorde?. It should not be surprising that the tions due to changes in the character of the dominating bonds
amorphous spectrum is a broadened version of the crystallinaf the network, from essentiallgp®like (Ge—Ge to some
parent, since the vibration modes are mainly determined bgombination betweersp>- and sp> (or p-) like orbitals
bond-length and bond-angle force constants and these refle@e—N.?°
the local (or short-rangg order (SRO which is almost the Figure 5 displays the in-plane asymmetric stretching fre-
same in both cases. As a consequence, it is common practigeiencieswg of the N-Gg skeleton as determined from IR
to label the various vibration bands in the Raman spectrunanalyses,and the T3 -like Raman frequency shifbg,mands
of a-semiconductors using the crystalline denominationsa function of the optical parametét,, (which in turn de-
TA, LA, LO, and TO. In the Raman spectra of pends on the nitrogen content, see Fig. 1 and Tableigure
a-semiconductors, the TA- and TO-like modes have intensib also shows the expected shifts with increasing nitrogen
ties higher than the LA- and LO-like modes. Considering thecontent from a vibration DOS calculation based on a simple

A. Optical-absorption spectroscopy

B. Raman scattering
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effective-medium theor§! According to the figure a remark- a-Ge network, invalidating the local picture which is essen-
able frequency increase of both the Ge-N asymmetritially useful ina-Si:H. As a consequence charge transfer, as
stretching and T®-like vibration modes is measured as the well as mass and force constant coupling must be considered
nitrogen contentor optical gap increases. The experimental carefully. These differences have been discussed in Ref. 21.
shifts, however, are larger than those predicted by the calcu-
lations of Ref. 21. V. CONCLUSIONS

The IR vibration and Raman scattering frequency shifts
shown in Fig. 5 can be understood on the basis of a lighten-
ing and a stiffening of the network. Roughbygamanand wig

The main conclusions of the work follow.

(i) Nitrogen concentrations up te10°2 atoms cm® in

are proportional tak/u)™2 wherek is an effective force thea-Ge ne'Fwork provoke as!gnlﬂcantmcrease of the mhgr-
ent topological disorder, mainly due to bond-angle varia-

constant associated with the G&e and the Ge-N bonds, tions. The augmented disorder has been clearly established

respectively, andu is the correspondent reduced mass. As L i )
nitrogen is added to the-Ge host, heavy Ge atoms are sub- gzreRnaqlr;rir;.Spectroscopy and optical-absorp@b3 mea

stituted by light N. In addition, Ge-N bonds are stronger (i) A nitrogen content higher thar-10% atoms crm

GeN __ GeGe
terl?)nZZG?gc?ec-gon:Sﬁ?en-; if?f?eer:(/at\?vr:)drlli‘g 1.94 induces important changes in taeGe host tetrahedral bond-
,IRpt ucing a st It 9 f th I Co i ing units. The N-induced changes of the bonding character of
ransmission spectra of these afloys give support 1q,q st network have been studied and corroborated with

:he_se conglderz_attloﬁsindtgctwﬁ eﬁegts in Ge-N dlzo_le;,]due Raman, IR, optical, and photoelectron spectroscopies. They
0 Increéasing nitrogenation, have been measured in the ma ggest an overall alloy bonding picture analogoua-f@iN

in-plane alsymmetric stretching vibratior11 mode. They inducealloys;

a 2'.5. cm  shift (from 6.90 to 715 cm’, see Fig. & m (i) A transition from predominantlsp®-like to some
addition, new IR-absorption bands-a870 and~=1100 cm combination ofsp® andsp (or p-) like of the bond char-
appear due to back-bonded nitrogen atoms in the neighboﬁcter results in-

hood of the Ge—N dipol2All the inductive effects measured

in IR transmission spectra derive from a charge-transfefd) changes in the atomic bond-angle distributiéor the

mechanism between Ge and N atoms. X-ray photoelectron ~ whole studiedN] range, 8<[N]<3x 10" atoms cm’?,

spectroscopy (XPS) measurements, performed on the Ao+ increases with N conteptand

samples under consideration, corroborate the expected) a lightening and a stiffening of the amorphous network
charge transfer from Ge to N atorfis?* The IR transmission as the nitrogen content increases in the alloy as sug-
study also allows the detection of an absorption band at  gested by the behavior of both the in-plane asymmetric
around~300 cm ! due to Ge—Ge dipoles. This absorption stretching vibration mode and the TO-like mode

band was identified as a disorder-induced breathing vibration (@ro*)-
mode which becomes IR active as a consequence of defor-
mations in the Ge-Ge bonds produced by charge transfer inACKNOWLEDGMENTS
their vicinity.® The off-plane vibrations of the N atom in the
N-Ge, skeleton, which should occur at400 cm %, are de-
tected in IR spectra at high N contéhhut being Raman
inactive it does not appear in Fig. 3.

Figures 1, 2, and 4, as well as the whole discussion i
the text, strongly support the assumption ttetleast in the
N-rich regime disorder increases due to modifications of the

At ; 1J. S. Lannin, inSemiconductors and Semimetéademic, New York,
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mediate range order are also taking place. This because thgrences therein.
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