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Diffusion of single quantum well Si  ;_,Ge,/Si layers under vacancy
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The interdiffusion of a Si/QigsGey 15/Si single quantum well heterostructure subjected to thermal
annealing in a nitriding ambient was investigated as a function of anneal temperature and time.
Nitridation of the silicon surface alters equilibrium vacancy point defect populations throughout the
structure, which allows the determination of the point defect species important in interdiffusion.
Diffusion coefficients of Ge after nitridation of~1x10 “cm?/s for 1100°C and~1

X 10~ emP/s for 1200 °C were extracted. The extent of diffusion in a nitriding ambient was much
less than in an inert ambient, which indicates minimal vacancy contribution to interdiffusion. This
is in contrast to results from previously published studies performed in an oxidizing ambient.
© 2001 American Institute of Physic§DOI: 10.1063/1.1341208

INTRODUCTION electron microscopy. The Ge depth versus concentration pro-
Recent progress in heterojunction bipolar transistor tech]illes for as-grown and annealed samples were determined by

nology using epitaxial SiGe base layers has generated a ned condary ion mass spectrome(@lMS? using a Perkin
to control interface and dopant diffusion within the lay&rs. E mer PHI 6600 quadrapole ana!yzer with 6 l<e\Z '(Dns, at
High-temperature device processing steps can create impr typical sputter rate of 24 nm/min, and a_60 incident angle.
cise emitter—base and collector—base junctions, which ca he profile depth scales were determined from Tencor

severely degrade device performance. In this article the i IPha-Step 500 surface profiler measurements of the SIMS

terdiffusion of a Si/SjsGey1s/Si single quantum well sputtered craters. The variation of the sputter rate in the

(SQW) heterostructure in a nitriding ambient is investigateds.”vIS analysis was accounted for by a linearization tech-

at temperatures of 1100 and 1200 °C. It is generally accepte'a'que' wh|c_h relqtes the secon(_jary ion signal of the Ge to the
econdary ion signal of the Si based on the counts from a

that thermal nitridation of the silicon surface injects exces le of k G trati ina RESThe denth

vacancies into the bulk materia?. The extent of enhance- sanlwp efoth ng;ll\\l/lns € cf_cl)ncer; ;ﬁ lon usmlgd T €p at

ment or retardation of Ge diffusion upon vacancy injectionscae or the profiies of the anhealed samples was fat-
erally shifted no more than 20 nfwithin 1 s.d., estimated at

allows the determination of the interstitial and vacancy- . .
mediated diffusion components for this material strucfure. 0‘_05’ in re_latlve depth scale error of S!MSO that the peaks
ligned with that of the as-grown profile. The Ge concentra-

The diffusion profiles, coefficients, and enhancements fronft

these nitridation experiments are compared to results frorHon scale of the SIM_S profiles was standardized by equahz-
similar experiments in an oxidizing ambiéht Ing the total dosage in each peak. Samples were rapid ther-

mal processedRTP) in an AG Associates Heatpulse 2101
EXPERIMENT with NH; gas flowing at 1.5 sim.

A SQW test structure, shown in Fig. 1, was grown using
an ASM Epsilon 1 vapor phase epitaxy reactor at a temperaF-{ESULTS AND DISCUSSION
ture of 700°C, with growth details described previouSly. ~ The Ge diffusion coefficients have been extracted by
The Ge concentration of the gkGe, ;5layer was verified by  comparing SIMS profiles of annealed samples with those
Rutherford backscattering spectroscofigBS) and layer predicted by simulation using the Florida Object Oriented
thicknesses were verified by cross-sectional transmissioprocess SimulatofFLOOPS.X? Details of the diffusion
model and extraction of diffusion coefficients have been pre-

. . . . 6 . . .
aAuthor to whom correspondence should be addressed; electronic maiiously presented in Grlgllonet. al’ In that investigation,
mgrig@tec.ufl.edu the same SQW structure used in the present study was ther-
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FIG. 1. Schematic representation of the Si/SGe, test structure. 8
Q
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mally processed in both inert and oxidizing ambients, and £ H
diffusion coefficients were calculated. No enhancement of C 3
diffusion was observed in an oxidizing ambiditerstitial 15 | | | l |
L. . ) . 10 L 111 L1 | 11 11 | | S
injection) as compared to an inert ambient. A valuefpbf 0 0.5 1 1.5 2 2.5
~0.02 at both 1100 and 1200 °C was estimated, indicating a
diffusion mechanism dominated by vacancies. From these Depth (um)

resu!ts, I |s.expected th?t.the.rmal .proceSSIr.]g I.n a .nlt”qu:IG. 2. Diffusion of the B marker layer in all ambients. The sample was
ambient during vacancy injection will result in significantly annealed at 1100 °C for 2 min. Diffusion of B in oxidizing ambient is
enhanced diffusion compared to that in an inert ambient. noticeably greater than in inert and nitriding ambients.

The thickness of the §i:Ge, 15layer in the SQW struc-
ture is greater than the critical thickness for this
composition:! therefore relaxation through dislocation for- and that vacancies are indeed being injected into the bulk
mation is expected. This was verified through transmissiorand are traveling to some extent through the e, layer.
electron microscopy and reported in earlier wbr€owern After confirming point defect injection conditions,
et al. have reported in previous studies a large enhancemenalysis was then directed toward the interdiffusion of the
of Ge diffusion in Sj_,Ge,/Si structures due to compres- Si;_GelSj layers. At processing temperatures of 1100 and
sive straint?>'® However, they investigated structures that1200°C, the Ge diffusion profiles in a nitriding ambient
were free of dislocations. Coweret al. specifically stated show significant retardation compared to diffusion profiles in
that diffusivity enhancement in samples that relax by dislo-nert and oxidizing ambients at all processing times. This is
cation growth is much weaké?.Due to the presence of re- apparent in Fig. 3, which shows, as an example, the SIMS
laxation via dislocations in the samples used in this investiprofiles of the structure after processing at 1200 °C for 2 min
gation, strain effects on diffusivity values will be consideredin all three ambients. The extracted diffusivity values after
negligible. These dislocations, however, might later affectprocessing in a nitriding ambient are given in Table | along
the vacancy injection and concentration in the bulk normallywith our previously published values for the diffusivities in
expected from surface nitridation. A boron marker layer
structure(reported in detail, along with the analytical tech-
nique, in Griglioneet al®) was used to qualitatively deter- 10%

mine that vacancies were indeed injected into the Jbe, As Grown
layer region in adequate concentrations to participate in the 102 Inert
diffusion process. Movement of the B marker layer cannot - -0 - - Oxidizing

o . : - -+ - - Nitriding
quantitatively determine the vacancy supersaturation as a re-

sult of surface nitridation because B is primarily an intersti-
tial diffuser. Any evidence of retardation of B diffusion can,
however, qualitatively show that vacancies are being injected
to the extent that they are depleting the interstitial concentra-
tion. The marker layer structure used in previously reported
oxidation experimenfsunderwent RTP at 1100 °C for 2 min
and at 1200 °C for 1 min in NE Qualitatively, B diffusion

in NH5; ambient was comparable to diffusion in Ar ambient
and much less than in £ambient for both temperatures as
determined by SIMSFig. 2). The extent of B diffusion de- | | | | l
termined experimentally for 1100 °C was less than that pre- 1o bl b Lo o b
dicted by simulation, indicating a slight retardation of the 0 0.1 02 03 04 05 0.6
diffusion of the B marker layer compared to default values Depth (um)

used in FLOOPS. This result indicates that the interstitiak,g 3, Comparison of Ge SIMS profiles in inert, oxidizing, and nitriding
concentration is slightly depleted from its equilibrium value, ambients for the SQW test structure after processing at 1200 °C for 2 min.
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TABLE I. Extracted diffusivity values for the test structure in inert and stydies have reported a close relation between the stress level
nitriding ambients. in the nitride film and the deviation of point defect concen-

T Q) Time (min) DI1et (crrfs) Dge (cn/s) tr_at_lons .f_rom thelr equnéb??um values in the region near _the
nitride/silicon interfacé®!’ Future work addressing this

—14 — 14 . .
1100 1 5.26¢10° 1.13x10 stress effect, along with use of Sb marker layé&b is
2 7.93x107 1 4.88<1071° . . . .
3 6.69¢ 101 113¢10- 4 known to diffuse almost entirely via a vacancy mechanism
4 8.60¢ 10" 1 1.04x 10~ 14 would allow a more accurate quantitative estimate of the
1200 1 2.3% 10 12 1.10x10° %8 vacancy supersaturation under nitriding ambient.
1.5 8.55¢10 13 3.39x10
2 1.08x10™ 1.02x10° 12 SUMMARY
3 1.08< 10 *? 5.02<10 *

The diffusion of Ge in a Si/QigGey 15/Si SQW struc-
ture during surface nitridation has been investigated at 1100
and 1200 °C. The results reported are specific to the particu-

?n 'n?rt amblen‘fl.tThe valutes O_f the (ilffus_g_m_es as 3 fu_tn%' lar structure and processing conditions used. Diffusivities of
ion of reciprocal temperature in inert, oxidizing, and nitrid- 1 ' 5-14.02s for 1100°C and~1x 10~ Berdls for

ng ar_nb|ents are shown in F'g' 4.The error in the dQterm'nquOO °C in nitriding ambient were estimated. Significant re-
diffusion coefficients was estimated using a Monte Carlo @Piardation of diffusion occurred in nitriding ambient com-

proach detailed in Gossmaeal,” and the results are given ared to inert ambient, which indicates a diffusion mecha-

?S the erdror ?arir:p TFI? 4. Dlmfcst'f\]/ fties dexttract'ed da][e muc:ﬁism controlled by interstitials. This contradicts the Idy
ower and not within the error ot those determined Ior NI _q o5 egtimated from previous oxidation experiments.

{ahnd dOX'O.“Z'n? da.‘fTb'.e nts. TTZ |?d|;:ates _that m;et;]st[{tl_al_s ir%tress effects at the nitride/silicon interface could possibly
€ dominant difiusing point detect species and that injecte xplain this unexpected behavior.

vacancies recombine with intrinsic interstitials to lower the

|nterst|t|.al concentrat_|on and_ retard dlffusmn._ T.h.ese resu',t%CKNOWLEDGMENTS

contradict the behavior predicted from our oxidizing experi- _ . .

mentsy as well as a Study by Cow@hahlz which indicated The authors would like to thank Dr. Wish Krishnamoor-

that vacanciesare the dominant point defect diffusion spe- thy of the University of Florida for TEM analysis, and Dr.
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