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NMR investigation of atomic ordering in Al,Ga;_,As thin films
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Nuclear magnetic resonance is used to study the local cation ordering in thin filmgG@#AJAs (0<x
<0.5) grown by metal organic vapor phase epitaxy. A quantitative analysis dPAseresonance intensities
and the quadrupole coupling constants of all nuclei reveal that our data is compatible with the absence of
significant ordering.
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Atomic ordering in ternary semiconductor alloys has been Figure 2a shows the "As (1=3/2) spectra of
shown to be important because of its influence on the mateAl ,4/Ga 704AS and Ab 45§58 514AS recorded at a Larmor
rial’s electronic structure as well as its relation to electronicfrequency ofvy=51.24 MHz(7.02 T field on a Infinity-plus
transport properties, phase transitions, and thermodynamipectrometerVarian Inc) using a home-built static probe
stability!™® The characterization of order in these com-assembly. Two peaks can be observed in both spectra. A
pounds is crucial in view of a controlled growth of designedcomparison with AIASAlfa Aesar, 99.9% and GaAs(semi-
semiconductor structurés? For Al,Ga, _,As qualitative in-  insulating, Wafer Technology LTDpowder samples in Fig.
formation on long-range order with a modulated compositior2(b) suggests that the lines correspond to the As configura-
along specific lattice directions has been fodrithe fully  tions with equal nearest neighbors, namely[Als] and
ordered structures have been proposed as alternating AlA&s[Ga,], with a chemical shift difference of-180 ppm.
and GaAs planes along, e.d001) (CuAu-type or (111)  The absence of a signal from the remainigs[ Al ,.Ga,_,,]
(CuPt-type, respectively{see Figs. (b), 1(c)]. A clustering  (n=1,2,3) sites with a mixed first coordination shell can be
of Al (and Ga has also been suggested. It is clear that bottexplained by the large second-order quadrupole broadening
short- and long-range order affect the local symmetry of theof their central transition, while the quadrupole coupling is
atomic sites in the crystal lattice. In this study we employ
nuclear magnetic resonan@¢MR) to quantify the degree of
atomic ordering in AlGa _,As (0<x<0.5) grown by metal
organic vapor phase epitaxyIOVPE) on a(100 GaAs sub-
strate. The results are compatible with the absence of orde
for the investigated AlGa, _,As thin films2®

The samples were grown by MOVPE in a horizontal
Aixtron 200 reactor at a growth temperature of 923 K and a
rate of 1.8um/h using trimethyl-gallium and trimethyl-
aluminum as group-Ill precursors and arsine as group-V pre-
cursor. Disilane was used as the dopant precursor to obtail
n-type doping. Undoped GaAs wafers "j2with crystal
orientation (100, 15° off towards(111) were used as
substrates. A typical sample consisted of a 15 nm Si-dopec
AlAs and a 5um undoped AlGa, _,As overlayer. A growth
series with nominal aluminum fractions af=0, 0.3,
and 0.5 was produced (NGa As, Alg9Ga 70AS, and .As @Al/ea OAI .Ga
Algs0G8y49AS).  An  additional sample  with X
~0.5 (Aly1ed58 514AS) was grown on a substrate 2° off to-
wards (110). The stoichiometry, used to identify the
samples, was obtained from high-resolution x-ray diffraction
rocking curve mgas_uremer(HRXRD) |mm(_ed|ately after bered according to their coordination sphere. Coordination numbers
growth. An epitaxial lift-off processwas applied to separate and distances are 4 and 2.45 A for the first spheupied by
the Al,Ga _,As layer from the substrate by selectively etch- gjther Al or Ga, 12 and 4.00 A for the second sphé#e), as well
ing the intermediate Si-doped AlAs layer with a hydrogenas 12 and 4.69 A for the third sphei@,Ga). The lattice constant is
fluoride (HF) solution” The AlGa_As thin fims (Mg given bya,=5.66140-0.0080% A (Ref. 8. (b) Fully CuAu or-
quantities, ~10'® sping were then powderized to typical dered A} :GasAs with alternating AlAs and GaAs planes along the
grain sizes of a few micrometer and transferred to quartzo01) direction.(c) CuPt ordered lattice where planes extend along
tubes for NMR measurements. (112).
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FIG. 1. (a) Two unit cells of the fcc AlGa, _,As lattice. Filled
spheres indicate anio\s) and checkered spheres cation siték
Ga). The neighboring atoms of the central Aassterisk are num-
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TABLE |. Al 45458 51/AS quadrupole coupling parameters and

@ spin-lattice relaxation time&00 K).

chc (kHz) Y T, (9
27p| 83+7 >0.96 16.1-0.4
Alo.297Ga0.703A8 Ga 310-10 >0.95 0.77-0.04
Al aeaGa 1 JAS 5%Ga 520t 20 >0.97 0.29-0.01
s 7S Gay] 610+ 20 >0.97 0.16-0.06
A Al,] 820+ 50 >0.88 0.14-0.08
®) 75As (othe >9 MHz
AlAs GaAs
%For spinl =5/2 (*Al), vo=136Cqcc-
BAl o 5053 40AS, solid echo experiment.
L . . . L As[ Ga,] configuration for different types of ordering.e.,
-30 20 -10 V(IBHZ) 10 20 30 CuAu, CuPt, or clusteringis then given b§

(CuAu)_ v 21 _ 2
FIG. 2. Single-pulse’As spectra of A},oGa oAs (540k PO =V2A1-x=52)%(1-x+52)
transienty and Al 45G& 51/AS (§2 k transie.r.n}; All measurements +1/2A1—x+S/2)%(1—x—SI2)2, )
were performed under ambient conditions. Only the central

(%[ %H - %]) Fransition is visible. The rgtio of the integrated peak nguPt)z 12(1—x— 5/2)3( 1-x+S/2)+1/2(1—x+ S/2)3
areas Aj:A,) is 35:1 and 1.6:1, respectivelyp) Reference spectra

of AlAs and GaAs. The lines are shifted by aboutl kHz and X (1—x—S/2), ()
+1 kHz with respect to the A#\l,] and A Ga,] resonances in the
mixed samples. p{MSY=x[1—x—S(1—x)]*+(1—x)(1—x+Sx*, (4)

much weaker for the A#\l,] and A$Ga,] sites which are and for the ApAl4] configuration by

tet_rahgdral within the first coordin_atic_m sphere. Our _interpre-pchAu): 12(x+ SI2)2(x— S/2)%+ 12 x— SI2)2(x+ S/2)?,
tation is corroborated by a quantitative study ‘GAs signal (5)
intensities as well as echo experimeritsde infra). The
Al (1=5/2), *Ga, and "Ga (1=3/2) NMR spectra of p(CUPI_ 15y + §/2)3(x— §/2) + /2 x— S2)3(x+ S/2), (6)
these samples were also recorded. All of them showed a
single Gaussian peak with a linewidth of 2.7 kHz (clust_ 14 _ VY
(?"Al, %°Ga) and 2.9-3.3 kHz't{Ga), respectively. Further- P xS0+ (10 (x= 597 @
more, it was verified by comparison with the GaAs referencevhere the contributions from the Al and Ga rich zones are
that the observed resonance line intensities ¥®a and  reflected in the first and second term of each equa®n
"Ga contain the signal from all spins in the sample. This(7), respectively. Fox# 0.5, complete CuAu- or CuPt-type
absence of broad Ga lines is consistent with the fcc latticerdering(i.e., S=1) cannot be reached, however, it is pos-
model of Fig. 1a) which places both Al and Ga in a tetra- sible for clustering, wher&=1 corresponds to phase sepa-
hedral As cage. Further, the presence of a single Ga resaation.
nance implies that chemical-shift effects induced by changes Quantitative information on the order parameSis in-
in the second coordination sphere are too small to be referred from the ratio of the/’>As[Al,] and "°As[Ga,] line
solved in our experiment. intensities py/p,) (Ref. 9 obtained from the spectra shown
The large chemical-shift difference betweéPAs[Al,] in Fig. 2a) as well as from absoluté®As line intensities
and "°As[Ga,] enables the extraction of quantitative struc- obtained by comparison with a GaAs reference sample yield-
tural information for the AlGa, _,As samples. The degree of ing (po+p,). The measurement opf+ p,) was performed
atomic ordering can be characterized by an order pararBeterby a quantitative analysis of th€As signal from different
defined a$ Al,Ga _,As samples. The single pulse (4« duration, 37
kHz rf-field strength spectra were normalized by a scaling
(1) factor taking the effective nutation of the tw&As reso-
nances into account for the given rf-field strength. The nuta-
tion and possible contributions of the satellite transitions to
wherex,, andxg, are the fractions of Al and Ga sites that are the signal were calculated using the experimental quadrupole
occupied by the preferred atom. Conversely, a local deviatiogoupling constants of AligdSa 51/As (see Table X% The
from the bulk stoichiometry is given by, =x*S/2 and  overall accuracy of the measurements was withiB%,
Xga=1—x*=S/2, where the different sign refers to an en- checked by thé'Ga intensities where no configurational fea-
hanced or reduced probability of finding an Al or Ga atom attures can be detected. The experiment}/f,) and (g
a certain site. Using this notation, the probability of an+p,) values for A} ,q/Gay70AS and Al 505G 49AS are

S=xp+Xea— 1,
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FIG. 3. (a) (po/p4) and(b) (ps+py) Vs the order paramet& tus) tius)
for CuAu (dotted and CuPtdasheglorder as well as for clustering FIG. 4. (a) Nutation spectra of1Ga in Aly ;5638 s1As (dotted
(solid line). The experimental results are included by their 95% optained using the pulse-timing diagram shown in the figure. The
confidence interval(shadegl They are compatible with&(*AY  £0 o 5 el with respect wat t' =0 is displayedCocy, 7.
<0'14’S(2ui?<0'32' S(C:US:)<O'11 for Ab 29/Gey 70As (a), S v;, and a Lorentzian line broadening were used as para?neters in the
_<O'1O’S( 17<0.40, 8°*9<0.30 for Al z91Ga 70As [(b), upper least-squares fitssolid ling). The values on the left and right side
interva]] ~ and S(CUAU)<Q'16’S(Cupt)<o'47‘S(Cluso<0'26 for are the quadrupole frequency{= %C ¢ for spin1=3/2) and the
Alo 5033 4028 [(b), lower interval. rf-field strengthy, as obtained from tﬁe fitgb) Solid echo of °As
in Alg4sdS8 51/AS as produced by the pulse sequened2),— 7
shown in Figs. &) and 3b). The results are compatible with —(7/2),—(acq) with 7=100 us. A broad echo from the two re-
the absence of any significant ordering. Upper limits forsolved peaks and a spike at the exact echq posiFion are obseryed.
Stelush) and S(CUAY are~0.15 using the [§o/p,) criterion, or tThe Sht?]rp efk?o pe?k Imt tze_etxper_l(m)ental signal is Imutchh n:ore In-
0.20 and 0.30, respectively, using thpy@p,) criterion. ~ ‘€Ns€ than ine caicuiated intensity) assuming only the two
(CuPt) . A Al,] and A$Ga,] resonancegand their satellite transitiongo
:_Sio:\ll?&/srr]’tfg{; cIus(t)eani);lStg)r?(? ng:Sr;% dC;'?ngehz)\(/Celu:i?rlol; be present, suggesting that the maj(.).r contribution to the sharp echo
g.;tems from then=1,2,3 central transitions. The spectra are normal-

influence on both §y/p4) and o+ p,s) and can therefore . - . . o
. : ized to the intensity of the respective central transition.
be well characterized by NMR, while a CuPt-ordered struc- y P

ture requires at leas$>0.4 to show significant changes in j, Fig. 4(a). Special attention was paid &, inhomogenities
the NMR spectra. _ _ for rf-field strengths up to 350 kHZL6-turn, 1.3 mm diam-
~ It no ordering is present, the aluminum fracti@can be  eter solenoid rf cojl From the scaling behavior of the nuta-
inferred  from  @o/p,),  Vyielding x=0.29£0.01  {on linewidth vs rf-field strength we estimate the variations
(Alg29/G2 70AS), 0.47£0.01 (Al 48658 514As), and 0.47 i the latter to be less than 7%. Resonance offsets were
+0.02 (Absodsan a9As). We attribute the deviations at ayoided as far as possible, and included in the simulations if
higher x to a partial relaxation of the thin film materfdl necessary. Recycle delays were set T.5The results are
where HRXRD measurements tend to overestimate the alusymmarized in Table I. Four spectra at different rf-field
minum fraction. . . strengths were recorded for each nucleus and fitted individu-
Additional structural information about the /& _,As  ally, providing independent values far,cc and 7. The aver-
thin-film samples is obtained by an analysis of the nucleagge value and standard deviation is reporteddgy, while a
qguadrupole parameters. The measurements were pen‘ormﬁa,\,er bound is given for.
on Alg 4sf5as1As. For all nuclei, the coupling constant  gince the quadrupole coupling is induced by the electric-
Ceec=€°qQ/h  and  asymmetry parameter n=(V,, field gradient(EFG) caused by a mixed occupation of the
~Vy)IV,, (Ref. 12 were measured by nutation NMR™  cation sites the . values are best categorized according to
A series of representative nutation spectra fga is given  the different coordination spheres. First-shell effects are only
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observed for’®As in the mixed AfAl,Ga,_,] (n=1,2,3) effects from 4th and outer spheye3his would result in a
configuration. Their presence is witnessed in solid echo spedtrong v=r; component in the nutation spectra and a low-
tra shown in Fig. 4). The sharp echo peak in the experi- €fing _in then values. Both is, hovyever, not obseryed in our
mental signal is much more intense than the calculated inexperiments. The effect of ordering on the nutation spectra
tensity assuming only the two P&l,] and A$Ga] can be quan_tlfled using a bimodal approach,_ whe@,a
resonancegand their satellite transitiongo be present. This =0 fraction is added to a spectrum with a fixed, nonzero
indicates that the major contribution to the sharp echo pea?qw Varying the added fraction and the magnitude of the
originates from the strongly broadenee 1,2,3 central tran- 1¥€d Cqcc, fitting errors become intolerable if the symmetric
sitions. A similar experiment performed under identical Con_fractlo.n exceeds-8%, Wh'(?h corresponds t>0.5 for all
ditions for 8%Ga (with a slightly smaller quadrupole coupling investigated types of ordering.

constank shows a much lower intensity for the sharp echo Further insight in local structure ar(dis)order might be
foat hich is in thi d dnk/) th 1 II'tpt .obtained by comparing the quadrupolar parameters, and their
ature which 1S In this case producead by the satellité ransiy,sqine distributions, as a function of composition for the

tions only, as was confirmed by simulatioiot shown. A itrerent nuclei in the sample. Their interpretation calls for
lower bound of theCqc can be estimated from the echo gy, initio calculations of the EFG tensors, however, which is
W|dth Of Ar=2.72 ,LLS Implylng a ||neW|dth fOI’ the Central beyond the Scope of the present Contribution_
transition of at leastAv. /.. 1/2>0.883A 7~400 kHz. In conclusion, we have presented a structural NMR study
Using the approximationg>Av. .. 1279 We can esti-  on Al,Ga _,As thin fims. The locally symmetric A4\ ,]
mate Cqyec=2 vo™>9 MHz. It has to be remarked that the and A§Ga,] sites are directly resolved in tHéAs spectrum,
echo width is rather limited by the rf pulse strength, ( while the other resonances from[#8,Ga,_,,] (n=1,2,3),
~230 kHz) than the intrinsic linewidth of the pal,,Ga,_,,] although undetectable in the direct spectrum due to large
(n=1,2,3) resonances. second-order quadrupolar broadenings, can be tracked by
For the sites with a symmetric first coordination spheretheir solid echo. The intensity of the p&l,] and A$Ga]
the dominant influence on the quadrupole interaction stembnes are connected to configurational probabilities predicted
from the secondAl,Ga as central atoior third (central A3 for different types of ordering, i.e., CuAu- and CuPt-type
nearest neighbors. In a disordered structure, many arrangerdering as well as clustering. Within this framework we find
ments of Al and Ga atoms are possible, all of them potenthat all our ALGa _,As samples are compatible with a com-
tially leading to a different coupling strength. It has beenpletely random Al, Ga distribution. In addition, a quantitative
demonstrated that a close to Gaussian distribution of couanalysis of the nuclear quadrupole coupling yielgs 1 for
pling constants and an asymmetry parameter distributionll investigated nuclei, indicating that no axial symmetry of
dominated by values-0.5 can be expected for related dis- the EFG tensor is present. The measured quadrupole cou-
ordered systems, with a vanishing probability of symmetricpling constants agree with the model of a number of random
(Cgec=0 andn=0) contributions:>®Contrarily, if ordering  cation configurations in the second coordination as opposed
is present, a substantial tetrahedrally symmetric fraction ofo a strongly ordered structure where a dominant fraction
Al (and Ga emergegsee Figs. (b) and 1c)] (neglecting  with C,..=0 would be expected.
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