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FOREWORD

This document is the final report for U.S. Army Research Office contract
number DAAG29-85-1-0237. which corresponds to the proposal entitled Limited
Reaction Processing for Semiconductor Device Fabrication. Limited Re-
action Processing (LRP) is a new technique which has been investigated under this
contract. LRP uses radiant energy to precisely control thermally driven surface
reactions for the growth and deposition of semiconductor layers. This technique
grew out of the closely related field of Rapid Thermal Processing (RTP) which
is used for short time. high temperature annealing of semiconductor wafers. The

goals of the research performed under this contract have been to:

1. determine the feasibility of the LRP

1o

. identify problems with the technique and explore solutions if necessary

3. demonstrate device applications of RTP and LRP

The emphasis of the research Lias heen on characterizing the semiconductor ma-
terial grown by LRP using a combination of physical techniques and test devices.
Ultimately. these layers will be used to create new and useful device structures.
We have demonstrated that LRP is capable of producing silicon-based epitaxial
layers with excellent material and electrical properties. Several different minority
and majority carrier devices have been fabricated using LRP and n-situ process-
ing. The application of LRP to compound semiconductor growth (e.g. GaAs.
AlGaAs. and InGaAs) has demonstrated the capability to produce interfaces with
abruptness comparable to that obtained by Molecular Beam Epitaxy.

This report constitutes a brief summary of research performed under the
above contract. It begins in Part 1 with a complete list of publications associated
with this research. A short synopsis of 16 publications which describe our findings
is followed by Part 3. which contains reprints of tuese publications. The final

section (Part 4) contains a list of participating scientific personnel.
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Part 1

List of Publications

The following is a list of 16 publications which are summarized in Part 2 of

this report. Reprints of these articles appear in Part 3 in the following order:

1.

N

J.F. Gibbons. C.M. Gronet, and K.E. Williams. “Limited reaction pro-
cessing: Silicon epitaxy™. Appl. Phys. Lett. 47.1 Oct. 1985, pp.
721-723.

C.M. Gronet, J.C. Sturm. K.E. Williams. J.F. Gibbons. and §.D. Wil-
son. “Thin. highly-doped lavers of epitaxial silicon deposited by limited
reaction processing . Appl. Phys. Lett. 48. 14 April 1986, pp. 1012-
1014.

J.C. Sturm. C.AL Grouet. and J.F. Gibbons, “Limited reaction process-
ing: In-situ metal-oxide-semiconductor (MOS) capacitors™, IEEE Elec.

Dev. Lett. EDL-T. May 1986. pp. 282-283.

J.C. Sturm. C.AL Gronet. and J.F. Gibbons. "Minority carrier prop-
erties of thin epitaxial silicon films fabricated by limited reaction pro-
cessing”. J. Appl. Phys. 59. 15 June 1986. pp. 4180-4182.

. J.C. Sturm. C.AL Gronet. and J.F. Gibbons. “In-situ epitaxial silicon-

oxide-doped polysilicon structures for MOS field-effect transistors™.

C.M. Gronet, C.A. King. and J.F. Gibbons. “Growth of GeSi/Si
strained-layer superlattices using limited reaction processing”. Mat.
Res. Soc. Symp. Proc. Vol. T1. (Materials Research Society, Pitts-
burg. 1986). pp. 107-112.

. C.M. Gronet, C.A. King. W. Opyd, J.F. Cibbons, S.D. Wilson. and

R. Hull, “Growth of GeSi/Si strained-layer superlattices using limited
reaction processing”, J. Appl. Phys. 61, 15 March 1987, pp. 2407-2409.

J.E. Turner. J. Amano. C.M. Gronet. and J.F. Gibbons. “Secondary
ion mass spectrometry of hyper-abrupt dopant transitions fabricated
by limited reaction processing™, Appl. Phys. Lett. 50,1 June 1987, pp.
1601-1603.




10.

11.

13.

14.

16.

C.A. King, C.M. Gronet, and J.F. Gibbons. “Electrical characterization
of in-situ epitaxially grown Si p-n junctions fabricated using limited
reaction processing ., submitted to IEEE Elec. Dev. Lett., Jan.. 1988.

M.D. Giles. J.L. Hoyt, and J.F. Gibbons, “The depth resolution of
dynamic SIMS: Experiments and calculations™, Mat. Res. Soc. Symp.
Proc. Vol. 69. (Materials Research Society, Pittsburg. 1986), pp. 323-
328.

J.L. Hoyt. E.F. Crabbé. J.F. Gibbons. and R.F.W. Pease. “Epitaxial
alignment of arsenic implanted polysilicon emitters”. Mat. Res. Soc.
Symp. Proc. Vol. 92, (Materials Research Society, Pittsburg. 1987).
pp. 47-52.

. E. Crabbé. J.L. Hoyt. M.M. Moslehi. R.F.W. Pease. and J.F. Gibbons.

“Novel emitter contacts for VLSI bipolar transistors™. in Technical Di-
gest: 1987 International Symposium on VLSI Technology. Systems and
Applications. Taipei. Taiwan. May 13-15. 1987.

S. Reynolds. D.W. Vook. and J.F. Gibbons. “Limited reaction process-
ing: Growth of III-V epitaxial layvers by rapid thermal metalogranic
chemical vapor deposition™. Appl. Phys. Lett. 49. 22 Dec. 1986. pp.
1720-1722.

D.W. Vook. S. Revnolds. and J.F. Gibbons."Growth of GaAs by
metalorganic chemical vapor deposition using thermally decomposed
trimethylarsenic™. Appl. Phys. Lett. 50. 11 NMay 1987, pp. 1336-1387.

. S. Reynolds. D.W. Yook, and J.F. Gibbons.“Limited reaction process-

mg: Growth of III-V epitaxial lavers by rapid thermal metalorganic
chemical vapor deposition”™. Mat. Res. Soc. Symp. Proc. Voi. 92.
{Materials Research Society, Pittshurg. 1987 ) pp. 305-310.

J.F. Gibbons. S. Revnolds. C. Gronet. D. Vook. €. King. W. Opyvd. S
Wilson. C. Nauka. G. Reid. and R. Hull. “Limited reaction processing:
Silicon and III-V Materials™. Mat. Res. Soc. Symp. Proc. Vol 92,
(Materials Research Society. Pittsburg, 1987). pp. 281-204.

The following are publications not included in Part 3 of this report. They

are included here in order to complete the list of publications:

17.

18.

C.M. Gronet, J.C. Sturm, K.E. Williams, and J.F. Gibbons. “Limited
Reaction Processing of Silicon: Oxidation and Epitaxy”, in Mat. Res.
Soc. Symp. Proc. Vol. 52, (Materials Research Society. Pittsburg.
1986). pp. 305-310.

J.F. Gibbons, C.M. Gronet, J.C. Sturm, C. King. K. Williams, 5. Wil-
son, S. Reynolds. D. Vook, M. Scott, R.Hull, C. Nauka, J. Turner. S.
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19.

Laderman, and G. Reid,“Limited Reaction Processing™, invited paper
in Mat. Res. Soc. Symp. Proc. Vol. T4, (Materials Research Society.
Pittsburg. 1987), pp. 629-639.

J.L. Hoyt, E. Crabbé. J.F. Gibbons, and R.F.W. Pease, ~Epitaxial
alignment of arsenic implanted polycrystalline silicon films on (100)
silicon obtained by rapid thermal annealing”, Appl. Phys. Lett 50, 23
March 1987, pp. 751-753.

. J.L. Hoyt, E.F. Crabbé, R.F.W. Pease, and J.F. Gibbons “Charac-

terization of arsenic implanted epitaxially aligned polysilicon-on-silicon
films", Mat. Res. Soc. Symp. Proc. Vol. 106, (Materials Research
Society. Pittsburg. 1988). in press.

_ E.F. Crabbé. J.L. Hoyt. R.F.W. Pease, and J.F. Gibbons “Electrical

characterization of polysilicon-to-silicon interfaces™. Mat. Res. Soc.
Symp. Proc. Vol. 106. (Materials Research Society. Pittsburg. 1988).

m press.

J.L. Hoyt. E.F. Crabbé. R.F.W. Pease. and J.F. Gibbons. “Etclhing
technique for characterization of epitaxial alginment of arsenic im-
planted polyerystalline silicon films on (100) silicon.” J. Electrochem.
Soc.. in press.

. J.L. Hoyt. E.F. Crabbé. R.F.W. Pease. and J.F. Gibbons. "Lateral uni-

formity of n*/p junctions formed by arsenic diffusion from epitaixally
aligned polyerystalline silicon on silicon.™ J. Electrochem. Soc.. 1 press.
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Part 2

Summary of the Research

Work performed at Stanford under this contract has shown that a new class
of semiconductor processing equipment is feasible. We have designed and fabri-
cated test equipment which uses a combination of Rapid Thermal and Cliemical
Vapor Deposition (CVD) technologies to achieve epitaxial growth and deposition
of semiconductors and insulators. The trend towards single-wafer processing makes
Limited Reaction Processing (LRP) particularly relevant to state of the art deviee

fabrication research. A single LRP cvele generally has the following format:

1. While the water is cool. o desired reactive gas flow ix establishied over
the substrate,

(V]

Using a high-intensity radiant source, the substrate is rapidly heated
and a chemical reaction between the substrate surface and reactive gas
1= mndueed.

3. Thie reaction i~ allowed to proceed at temperature for the desived time.

4. The reaction 1s stopped by turning off the lamps and rapidly cooline
the substrate.

I this process. the substrate temperature. rather than the fux of reactive
gas. is used as a “switch” to turn on aud off the CVD reaction. This thermal

switching technique has three significant advantages:

e Abrupt composition profiles: since the substrate is hot onlyv during
layer growth. LRP inherently minimizes the thermal exposure of a sub-
strate. similar to RTP. This allows the growth of layvers at fairly high
temperatures while maintaining abrupt composition profiles.

e Growth of ultra-thin layers: the accuracy and reproducibility of the
substrate temperature versus time profile afforded by lamp heating pro-
duces controlled growth of thin layers of semiconductors and insulators.

4




e In-situ multilayer processing: by changing the ambient gas between
high temperature cycles, multiple layers of different composition can be
grown sequentially without removing the substrate from the process-
ing chamber. This feature is important for minimizing chemical and
particulate contamination.

2.1 Silicon-based research

The following sections summarize our research findings for silicon-based ma-
terials as described in Papers 1 through 10 of Part 3 (see also Paper # 16 for an

overall LRP summary).

2.1.1 Column IV epitaxy

The first two papers in Part 3 of this report describe the initial nuplamen-
tation of rapid thermal =witehing applied to silicon epitaxy. A rudimentary LRP
reactor was conustructed by combining a home-built Rapid Therimal Processor with
a gas delivery and exlianst sy=tem whicli ineludes gases such as SiH,. SiH,ClL.
H,. O,. HCL. and Ar. This <v<tem nses two banks of tungsten filament lamps
and a microprocessor control ~vsreny to rapidly hieat 2 el silicon wafers. Sec-
ond and third generation sy~tems were later constructed for 3 inch and 4 inch
wafer processing. as indicated helow, The earliest results, deseribed in Paper # 1.
revealed that LRP produced abrupt transitions in doping concentration at the epi-
taxial Javer/substrate interface for undoped films on heavily doped (n* and p*)
substrates. In Paper £ 20 the tecliique i~ extended to multilayver structures con-
sisting of alternating nndoped and heavily horon-doped regions (i.e. 1i/p*/i/p*
structures). Van der Pauw measurements indicate that the hole mobilities of the
p* epitaxial films are comparable to bulk material. In addition. LRP produces a
wider dynamic range in p-type doping than can be obtained by MBE.

Papers 3-5 describe more detailed electrical characterization of LRP grown
layers. Metal-oxide-semiconductor (MOS) capacitors fabricated by growing a thin
gate oxide followed by polysilicon gate deposition in-situ are discussed in Paper # 3.
These capacitors exhibit excellent characteristics, with interfacial fixed charge and
mobile jon contaminations of less than 10' em™2. More stringent tests of the
epitaxial layer quality are described in Paper # 4. Generation lifetimes from

1 to 100 psee were measured. and planar diodes (ion implanted) fabricated in

6
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both n- and p-type epitaxial films show excellent behavior. In Paper # 5. we
demonstrate the formation of in-situ MOSFET structures. using selective epitaxial
growth combined with oxidation and polysilicon gate deposition.

Papers 6 and 7 describe the growth of GeSi/Si strained-layer superlattices,
Layers as thin as 150 A were reproducibly achieved. establishing for the first time
the use of a CVD technique to fabricate abrupt GeSi/Si-based heterostructures. In
Paper # 8. high resolution Secondary lon Mass Spectrometry (SIMS) analysis of
LRP layers performed in collaboration with HP laboratories is described. Using a
special technique. boron doping transition widths as abrupt as 50 A/decade were

measured.

Paper # 9 contains the most recent results on electrical characterization of
tn-s1tu. epitaxially grown p-u junetions fabricated using the third generation LR
system. These experiments provide the most stringent tests of material quality to
date. sinee the “interrupted growth™ interface is contained within the diode space
charge region. Forward eurrent ideality factors of 1.01 £ 0.3 % were obtained
over at least 7 orders of magnitude, extending down to 1 pA. Very low reverse
current densities (3.5 nA- em™* at -5 V1 were observed. The results deseribed in
this paper indicate that LRP material is suitable for high performance minoriry
carner deviees,

In Paper # 100 we deseribe the application of LRP 1o studies of the depth
resolution of SINS. Analvsis of LRP-grown layvers places some of the most stringent
requirements on the SINS technigue. because it demands both depth resolurion and
dyvnamic range. Experimental results on atomieally abrupt unpurity profiles in S
are explained by a theoretical model. The Boltzimann Transport Equation method
for calculating recoil effects during ion implantation was modified to treat the SINS

problem. and good agreement with experimental observations was obtained.

2.1.2 Rapid thermal processing

Papers 11 and 12 describe a combination of LRP and Rapid Thermal Anneal-
ing applied to polysilicon emitter contacts for VLSI bipolar transistor fabrication.
Paper 11 discusses research on epitaxial regrowth of polysilicon films. This work
utilizes a standard LPCVD polysilicon reactor for the material deposition and RTA
to provide the desired materials quality. creating a bridge between currently ex-

isting silicon process technology and LRP. Bipolar transistors with 0.5 gm-thick




emitter contacts and polysilicon dopings of § and 10 x 10* cm™ show less pro-
cess sensitivity when subject to RTA (T > 1100 °C) compared to devices annealed
m a furnace in the 900 to 1uu0 °C range. while retaining advantages over metal
contacts.

In Paper # 12. we describe how RTA and LRP are used to taylor the structure
of the polysilicon-to-silicon interface to the device application of interest. For high
speed devices where emitter resistance is the primary concern. RTA is used to
break-up the polysilicon/silicon interfacial oxide and enhance dopant activation in
the polysilicon. On the other hand. when minority carrier transport through the
interface must be minimized. LRP in an ammonia ambient can be used to grow
a thin (15 A). thermally stable silicon nitride interfacial layver which results in

extremely low base currents.

2.2 Epitaxy of compound semiconductors

Puper # 13 deseribes the application of Limited Reaction Processing to the
epitaxial growth of GaAs. A separate LRP system was designed and fabricated for
thisx purpose. The techuigne produees layvers with specular. defect-free surfaces and
good electrical characteristies. Growtly of related compounds such as AlGaAs and
InGaAs s also reported. Extremely abrupt transitions between adjacent epitaxial
Tayers are observed. comparable to NBE erown material.

Paper # 14 deseribes o new precracking method for reducing the back-
gronnd doping and mercasing the cleetron mobility of epitaxial GaAs layvers. This
method has resulted in the Ineliest purity GaAs ever grown using a trimethy
larserie ~ouree in a CVD reactor. Paper #1535 discusses more detailed materials
studies performed on LRP-grown GaAs. specifically the guality and abruptuess of
the hetero-interfaces.

An overall sunumary of some of the most recent silicon and III-V results on
LRP epitaxial lavers is contained in the final paper. # 16. Special attention is

given to the characterization of the interrupted growth interfaces,

w0




Part 3

Reprints of Publications

This sections contains reprints of the articles listed in Part 1 and described

in Part 2.

Paper # 1

Limited reaction processing: Silicon epitaxy

J. F. Gibbons, C. M. Gronet, and K. E. Williams

Stanford Electronics Laboratories, Stanford, California 94305
(Received 17 May 198S; accepted for publication 11 July 1985}

We introduce a new technique, limited reaction processing, in which radiant heating is used to
provide rapid, precise changes in the temperature of a substrate to control surface reactions. This
process was used to fabricate thin layers of high quality epitaxial silicon. Abrupt transitions in
doping concentration at the epitaxial layer/substrate interface were achieved for undoped films

deposited on heavily doped substrates.

The fabrication of thin, high quality layers of semicon-
ductor and insulator films is critical to the future of semicon-
ductor processing. It is also of potentially great importance
to fabricate several films sequentially without removing the
substrate from the processing chamber. This letter describes
a technique for achieving these objectives and reports the
application of the method for the formation of thin epitaxial
layers of silicon with abrupt transitions in doping concentra-
tion.

The reaction chamber used for the process is shown
schematically in Fig. 1. Gas flow rates in the reaction
chamber were controlled by flow meters, and the pressure
was measured by a capacitance manometer at the chamber
exit. The pressure gauge was used in a closed loop system
with an automatic throttle valve upstream of the pump to
ensure constant pressure.

The substrate was rapidly heated by two banks of six air-
cooled 1.2-kW tungsten lamps backed by water-cooled re-
flectors. These lamps irradiate both sides of a 2-in.-diam sili-
con substrate mounted on three quartz pins. For
temperature calibration, a8 W/26% Re vs W/5% Re ther-
mocouple was welded to the edge of a wafer. In addition,
melting point standards were used (Omegalaq). Calibrations

7 Appl Phys Lett 47 (7), 1 October 1985

0003-6951/85/190721-03$01.00

were performed periodically and were very reproducible
(run to run variation < 20 °C). Temperature uniformity was
established by growing a thin thermal oxide (10-60 nm) and
measuring thickness uniformity using spatial ellipsometry.
The variation in oxide thickness over a 2.5X 2.5 cm square
centered on the 2-in. wafer was less than 3%.

To operate what we refer to as a limited reaction pro-
cessing (LRP) cycle, the reactant gases are permitted to flow

AC P?WER

LAMP
["“"“""“ }“'IL CONTROLLER J

PRESSURE
INDICATOR

5 Tomss- |
INLET Ge |
‘Dﬁ““l T0
PUMP
3-WAY

FIG. 1. Schematic representation of limited reaction processing apparatus.

© 1985 American insttute of Physics 721




TABLE 1. Epitaxiat deposition parameters for limited reaction processing sampics. Paper # 1
A Temperature Pressure Mole % Datuent Deposition Thickness
Sample i iTori} SiH.CL, flow ILPM) time s tpmi
LRP 59 980 1.0 0.5H,) 60 0.36
LRP 61 920 195 0.77 J.0H,) 15 018
10.9(He)

LRP 62 980 1.0 0.5(H.) 180 21
LRP 64 940 50 3.0H3) 70 10

through the deposition chamber to establish equilibrium
flow patterns and rates. The lamps are then activated by a
microprocessor to heat the substrate to produce a desired
temperature versus time profile. Typical heat up and cool
down rates are 1-5 ms/*C, similar to rapid thermal anneal-
ing.' These rates are sensitive to the thickness of the wafer
and the optical coupling between the radiant source and the
substrate.? However, with proper design, precise, reproduc-
ible control of the substrate temperature can be obtained,
even for cycles as short as a few seconds. During a LRP
cycle, such tight temperature control transiates to precise
control over a thermally driven surface reaction, such as
chemical vapor deposition. Moreover, by changing the gas
flows between high-temperature cycles, multiple layers of
different compositions can be grown without removing the
sample from the deposition chamber. We have applied this
technique to the i siru growth of multiple layers of $iO, and
polysilicon, and are currently investigating other multilayer
structures which we will report at a later date. Results on the
growth of single layers of thin dielectric films using rapid
thermal processing have been reported, e.g., nitrides' and
oxides.*

As device geometries shrink, many integrated circuit
technologies will require very thin (0.2-1.5 um) lightly
doped silicon layers on top of heavily doped substrates.
Thus, we attempted to grow undoped layers of epitaxial sili-
con on heavily doped (100) and (111} silicon wafers (less than
0.02 £} cm). All substrates were given an RCA clean, and in
some cases 100 nm of thermal oxide was grown and pat-
terned to cap the back and edges of the wafer to minimize
autodoping from these surfaces.® Prior to deposition in situ
rapid thermal precleaning was performed. The wafers were
heated in H, t0 1120 °C for 10-30 s and then etched in 15
HClin H, for 10-30 s. The effectiveness of shorter cleaning
steps is being investigated to reduce both dopant evaporation
from the substrate and dopant redistribution in the substrate
or underlying layers. However, preliminary results indicate
that an HCl etch of at least 20 s is required to remove carbon
and oxygen from the substrate surface.

The epitaxial deposition parameters are summarized for
four typical wafers in Table I. Undoped silicon was deposit-
ed using a SiH,Cl, source.® The reaction chamber was
purged with several pump-down/backfill cycles, and then
gas flows were allowed to stabilize for a few minutes prior to
temperature cycling. Pressures were minimized to reduce
vertical autodoping,” improve thickness uniformity, and al-
low single crystal deposition at lower substrate tempera-

tures.®® Compared to standard epitaxial processing, deposi-
tion times can be extremely short using LRP. Thus,
out-diffusion from the substrate can be minimized, allowing
an abrupt transition in the doping concentration at the epi-
taxial layer/substrate interface. Typical secondary 10n mass
spectroscopy (SIMS, Charles Evans and Associates) profiles
for samples LRP 59 and LRP 64 are shown in Fig. 2. As
shown in Table II for LRP 59, the Sb concentration changes
two orders of magnitude (10'°-10'"* cm ™) over a distance of
less than 30 nm. For comparison, a boron-doped silicon epi-
taxial layer deposited by molecular beam epitaxy (MBE! at
room temperature was analyzed directly after LRP 59 using
identical SIMS conditions. This procedure allowed us to
compare the SIMS data for LRP 59 with the SIMS data
produced by a sample with a doping profile which is presu-
mably a step function. The MBE sample exhibited a change
in boron concentration from 5 10" t0 X 10'"°cm ~*overa
distance of less than 20 nm. This indicates that there may be
some very small Sb out-diffusion, or possibly that the SIMS
depth resolution is better for B than for Sb. Toresolve this we
are currently performing SIMS analysis of undoped MBE
silicon deposited on heavily doped Sb substrates.

Table II lists details of the transition regions for other

‘O‘QF T T T

10'8

3

10\7

Sb Concentration (cm

1016

I

i ]
100 120

il I It
0 020 040 060 080
Depth (micron)

FIG. 2. SIMS profiles for samples LRP 59 and LRP 64 lu_ndoped silicon
epitaxial films grown on n* Sb-doped substrates). The honizontal lines at
the botiom of each profile indicate sensitivity limts. The sputtenng rate was
decreased for LRP 59 in order to oblain more data points in the transition
region. (SIMS was performed by Charles Evans and Associates )
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Paper # 1

TABLE 1. Secondary ion mass spectroscopy of the dopant transition region and substrate parameters for LRP undoped silicon epitaxial films grown on

heavily doped n-type subsirates.

Transition region

Substrate Dopant Thickness (nm)
Sample Orientation Dopant range (cm ) ISIMS)
LRPS9 ny Sb 10'*-10'* 28
LRP 61 (100} As 10'7-10" 44
LRP 62 (100) As 10'-10" 63
LRP 64 {100} Sb 10'*-10" 29
10"*-10" 58

samples. The transition region for the SIMS profiles for the
As sample is not as steep as the Sb samples because As has a
greater tendency for autodoping. However, the As sub-
strates are doped to a concentration ten times higher than
the Sb substrates, so some concentration-enhanced diffusion
may have occurred. Even sharper transition regions could be
obtained with shorter deposition times, but a lower limit is
set by a consideration of the growth rate and the desired film
thickness. In summary, these results indicate that LRP can
produce ultrathin silicon epitaxial films with abrupt changes
in doping concentration.

The LRP epitaxial films were specular and indistin-
guishable from polished substrates when viewed under a No-
marski contrast microscope. Films were deposited between
0.1 and 3.0 um thick. The crystalline quality was studied
using Rutherford backscattering channeling spectra (Fig. 3).
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FIG. 3. Rutherford backscattering random and channeling spectra for sam-
ple LRP 59. The minimum yield is 2.7%.
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The minimum yields for all samples were between 2.7% and
3.0%, indicating excellent crystalline quality.'® Further in-
vestigations using cross-section transmission electron mi-
Croscopy are in progress.

In conclusion, the deposition of thin silicon epitaxial
films with abrupt transitions in doping concentration has
been demonstrated using limited reaction processing. We
are now investigating the use of this technique for depositing
multiple layers of a number of doped and undoped semicon-
ductors and insulators with sharp transition regions. In ad-
dition, limited reaction processing can be used to explore the
initial growth regimes of almost any chemical vapor deposi-
tion process.
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Thin, highly doped layers of epitaxial silicon deposited by limited reaction
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Limited reaction processing was used to deposit ultrathin, highly doped layers of epitaxial silicon.
Multilayer structures consisting of alternating undoped and heavily boron-doped regions were
fabricated in situ. The interlayer doping profiles of these structures, as determined by secondary
10N mass spectroscopy, are abrupt. Van der Pauw measurements indicate that the electrical
characteristics of the p ™ epitaxial films are comparable to bulk material.

The control of doping levels and depth profiles in semi-
conductors is critical for device fabrication. Currently, diffu-
sion and ion implantation are two commonly used methods
for introducing dopants into semiconductors. Very large
scale integration (VLSI) devices, however, will require
abrupt doping transitions and ultrathin, highly doped layers
which may be beyond the capabilities of these techniques.
Ultimately, a technology with the interface control of molec-
ular beam epitaxy (MBE) and the doping range of chemical
vapor deposition (CVD) will be needed.

In an earlier letter,! we introduced a technique called
limited reaction processing (LRP) which has potential for
both of these capabilities. LRP can be used to fabricate thin
layers of semiconductors and insulators by precise control of
thermally driven surface reactions. Radiant heat is used to
produce large, yet rapid changes in the temperature of a se-
miconductor substrate. The substrate temperature, rather
than the flux of a reactive gas, is used as a “switch” toturn a
CVD reaction on and off. The substrate is hot only while a
deposition or surface reaction is occurring, not during purg-
ing, gas flow stabilization, and other process modes. Thus,
inherently, the thermal exposure of the substrate is mini-
mized, reducing the broadening of interfaces by diffusion
and intermixing. The advantages of a high-temperature pro-
cess, such as good material quality and high dopant activa-
tion, can b= /calized while maintaining interface control.
Moreover, by changing the ambient gases between high-tem-
perature cycles, multiple thin layers of different composition
can be grown sequentially without removing the substrate
from the processing chamber. The LRP system and its appli-
cation to the deposition of single layers of undoped epitaxial
silicon have been described previously.' In this letter we
demonstrate the ability of LRP 10 fabricate single crystal
silicon structures consisting of ultrathin, highly doped re-
gions with precise thickness control and abrupt doping pro-
files.

Heavily doped (100) and (111) 2-in.-diam silicon wa-
fers were used as substrates for multilayer structures. For
electrical characterization, p* layers were deposited on n-
type (100) wafers with a resistivity of 3-10 N} cm.

To calibrate the wafer temperature for a given lamp
power versus lime program and sample ambient, a W/26%
Re vs W/5% Re thermocouple was electron beam welded to
the center of a test wafer. Epitaxial depositions were then

carried out on wafers without thermocouples. The radiant
source consists of two banks of six tungsten lamps which are
controlled by a microprocessor. These lamps can heat a wa-
fer from 25 to 1200 °C in less than 3 s.

Multilayer structures consisting of alternating undoped
and p* regions were fabricated to study layer thickness
control and the abruptness of doping profiles. Samples were
chemically cleaned and loaded into the LRP chamber. Mul-
tiple layers were then deposited sequentially in situ by chang-
ing the gas composition between high-temperature cycles. A
typical processing procedure is shown below. Note that the
temperature transients for heating and cooling the wafer are
on the order of three seconds, and that the wafer is cooled after
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FIG. 1. SIMS profile of multilayer sample LRP 109. The incident beam was
oxygen at 10 kV with a substrate bias of — 5 kV (Charles Evans and Asso-

ciates). The first p* pulse deposited shows a slight amount of diffusion
caused by the thermal cycles of subsequent layers.

12

10000




. — . —

Paper # 2

FIG 2 Companson of the SIMS (Charles Evans and

Associates ) and spreading resistance ( Solecon Labs)

profiles for sample LRP 82. The SIMS data are accu-
’ rate only to about a factor of 2, so the level of boron
activation depicted here 1s approximate.
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each temperature cycle so that it is hot only for the time speci-
fied for each processing step.

(1) H, purge.

(2) H, bake at 1150 °C for 60 s at 500 Torr, 3 Ipm.

(3) Cool, decrease pressure to 4.2 Torr, introduce SiH, ,
let gas flow stabilize.

(4) Epitaxial deposition of undoped silicon in the range
of 850-950 °C for 60 's.

(5) Cool, change H,t0 5.2 ppm B, H, in H,, let gas flow
stabilize.

(6) Epitaxial deposition of p * silicon in the range of
850-950 °C for 5-10s.

(7) Repeat steps (3)-(7) for multiple p © “pulse” re-
gions. Dichlorosilane was also used as a silicon source gas
with similar results.

A typical secondary ion mass spectroscopy (SIMS)
profile of a sample with two p * regions is shown in Fig. 1.
p " pulses with a full width at half-maximum value of 10 nm
can be reproducibly deposited. The boron concentration for
sample LRP 109 changes four orders of magnitude, from
10'" to 10?! atoms/cm”*, over a distance of less than 40 nm
(10 nm/decade). For comparison, undoped/p = /undoped
multilayer structures deposited by MBE exhibit boron dop-
ing transitions of about 10 nm/decade.’ These transition val-
ues are limited by the depth resolution of SIMS. Clearly,
however, the p * multipulse sample shown in Fig. 1 demon-
strates that LRP can produce ultrathin, highly doped films
of epitaxial silicon with excellent control of layer thicknesses
and doping profiles.

For electrical measurements, p * layers (0.1-0.6 um)
were deposited on n-type substrates. Figure 2 shows SIMS
and spreading resistance data for sample LRP 82. The
spreading resistance curve was scaled by maiching its inte-
grated carrier concentration to the value determined by Van
der Pauw measurements. The Van der Pauw technique was
also used to measure a sheet resistivity of 58 2/0 and a hole
mobility of 42 cm?/V s for sample LRP 82. This value of
mobility is comparable to that of bulk material with the same
hole concentration.’
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By comparing the chemical concentration of dopant de-
termined by SIMS with the hole concentration determined
by spreading resistance, the degree of boron activation can
be estimated. However, since the SIMS data are accurate
only to about a factor of 2. the level of activation is difficult to
determine. The highest hole concentrations measured by
spreading resistance and Van der Pauw were in the range of
2x10%° cm™°. For some samples, SIMS indicated signifi-
cantly higher boron concentrations. Thus, inactive boron i¢
probably present, the nature of which is currently being in-
vestigated. Previous transmission electron microscopy stud-
ies have shown boride particles in heavily doped p *~ bulk
material.* Annealing experiments are being conducted to
learn more about LRP boron incorporation and activation.

A dilute Schimmel etch® was used to characterize defect
levels. Few defects ( < 10/em”) were found for low-doped
epitaxial layers deposited on p = substrates, while higher lev-
els (about 3000/cm? ) were found for epitaxial layers depos-
ited on n-type substrates. We are investigating this substrate
dependence which may be caused by an internal gettering
mechanism. In addition, some of the more heavily doped p ~
layers exhibited a very fine matte or slightly rough surface
after defect etching which may be an indication of boride
precipitates. It should be noted that these results were ob-
tained without a clean room.

In summary, the fabrication of ultrathin regions of sin-
gle crystal silicon with high doping densities and excellent
electrical properties has been demonstrated using LRP. The
ability to produce multilayer structures with sharp interface
transitions suggests applications as diverse as those ascnbed
to MBE. We are currently exploring the use of LRP to fabri-
cate devices based on multiple layers of semiconductors and
insulators.

The authors appreciate the support of D. A. Reynolds
and DARPA (contract no. DAAG29-85-K-0237), as wel’
as the contributions of J. Hoyt, K. Lee of Bell Labs, C. Evans
of Evans and Associates, the staff of the Stanford I. C. Lab,
and Lockheed Corporation. C. Gronet acknowledges the
support of an Office of Naval Research Fellowship.
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Limited Reaction Processing: In-Situ
Metal-Oxide-Semiconductor Capacitors

J. C. STURM, MeMBER, IEEe, C. M. GRONET, anp J. F. GIBBONS. feLLow, IEEE

Abstract—Limited reaction processing (LRP) has been used to {abri-
cate in-situ silicon-silicon dioxide-polycrystalline silicon layers for
metal-oxide-semiconductor (MOS) capacitors. The process consists of
multiple in-situ rapid thermal processing steps to grow or deposit
different layers. Capacitors have beea fabricated from these layers and
ssalyzed by capacitance-voitage measurements for interfacial fixed
charge and interface siate deusity. The capacitors exbibit excellent
charscteristics.

. INTRODUCTION

HE metal-oxide-silicon (MOS) capacitor structure forms

a crucial element in modern integrated circuit technology.
The capacitor typically consists of an insulating layer (silicon
dioxide) grown thermally on a polished silicon wafer. A
conducting layer (originally metal but now usually heavily
doped polycrystalline silicon) is then deposited on the insulator
to form the ‘‘gate”’ electrode. Conventionally, the oxide is
grown in one reactor and the wafer is physically transported to
a second reactor for the polycrystalline silicon (polysilicon)
deposition.

We report here the in-siru fabrication of the multilayer
MOS structure using multiple rapid thermal processing steps.
In-situ multilayer fabrication might avoid the ineviable
chemical and particulate contamination that occurs when
wafers are carried from the oxidation furnace to the polysili-
con reactor. Such contamination could diffuse through the
oxide during later high-temperature steps to the substrate-
oxide interface where it would affect the performance of
MOSFET's, etc.

I1. FABRICATION

Various individual rapid thermal processing steps such as
silicon epitaxy [1] and thermal oxidation [2]-{4] have already
been demonstrated in separate reactors. However, by chang-
ing the ambient gases between high-temperature cycles (from
oxygen to silane, e.g.), multiple thin layers of different
composition (oxides, polysilicon, etc.) can be grown in a
single reactor without removing the sample from the process-
ing chamber. In our experimemts. the ‘‘limited reacton
processing”” (LRP) system described in [1] was used for the
multiple-level in-situ growth. Because the system is essen-
tially a cold wall reactor without a susceptor, only the wafer

Manuscript recerved January 9, 1986: revised February 25, 1986. C. M.
Groner was supported by an ONR Feliowship. This work was supported by
DARPA under Contract DAAG29-85-K-0237.

The authors are with Stanford Electronics Laboratones. Stanford Univer-
sity, Stanford. CA 94305.
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gets heated during a deposition or growth cycle. Thus
**history’" effects from one cycle to the next from wail and
susceptor deposition should be negligible.

To fabricate the capacitor structure, the two steps of rapid
gate oxidation and polysilicon deposition were sequentially
performed in the LRP chamber without disturbing the wafer
between the steps. The wafers used for the experiments were
2-in diameter phosporus-doped (100) silicon wafers with a
resistivity of ~3 Q-cm. After a chemical cleaning, the wafers
were loaded into the LRP chamber. The gate oxidation was
performed in an oxygen ambient with 4-percent HCl at a
temperature of 1150°C and a pressure of 500 torr. A typical
oxidation time of 2 min yielded an oxide thickness of from 290
t0 310 A . Because of the reduced pressure and relatively short
time at high temperature, a direct comparison of the oxide
thickness to that expected with conventional equipment is not
possible. After the high-temperature step, the process gases
were changed, and a layer of heavily boron-doped polysilicon
was deposited using a combination of silane, diborane. and
hydrogen as the source gases. It should be noted that the
source gas flow was stabilized before the heating lamps were
turned on, so that the wafer temperature and not the gas flows
determined the start and stop of the deposition reaction. The
polysilicon layers were deposited at 580°C at a pressure of 1.5
torr. The layer thickness was about 0.4 um, and the sheet
resistivity of the layers ranged from 50 to 100 §. Conventional
deposition of *‘polysilicon’” below 600°C usually results in
amorphous rather than polycrystalline matenal (5]. However,
defect etching indicated that our deposited polysilicon layers
were indeed polycrystalline. We have not pursued the cause of
this result.

To provide a comparison with conventional processing. a
control wafer was processed exactly as above, except that 1t
was removed from the LRP chamber after the oxidation and
given a chemical cleaning to simulate conventional handling.
It was then reloaded into the LRP chamber for the polysilicon
gate depcsition.

After the polysilicon deposition, conventional processing
and photolithography were performed on all samples to change
the uniform layers (Fig. 1(a)) into the final capacitor structure
shown in Fig. 1(b). The final processing step was a 375°C
forming gas anneal (90-percent N,, 10-percent H.).

IIl. REsuLTs

Conventional high- and low-frequency capacitance-voltage
(CV') measurements were performed to measure the quality of
the substrate silicon-silicon dioxide interface (see (6] for a
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good review of CV techniques). From the high-frequency
curve, the oxide thickness, substrate doping, and the interfa-
cial fixed charge N, can be extracted. From a combination of
the two curves, the interface state density D, can be calculated
(6], [7]. The capacitor area was 4.5 x 10~ cm?. Several
capacitors were measured on each sample for statistical
significance. The effect of mobile ions on N, as revealed by
bias-temperature stress measurements, was less than 1 x 10'°
cm-2.

The measured high- and low-frequency CV curves exhib-
ited the classical shape [6]. and the extracted interface state
density of all samples yielded the conventional U-shaped curve
with a minimum near midgap. The extracted substrate dopings
were consistent with the resistivities of the starting wafers.
Both the in-situ sample (LRP 91) and the sample that received
an external chemical cleaning between the oxidation and the
polysilicon deposition (LRP 90) showed midgap interface state
densities of 2-3 x 10" ¢m-*-eV-'. Sample LRP 91 had an
interfacial fixed charge of 2.5 £ 0.1 x 10'' cm~?, compared
10 a fixed charge of 2.1 + 0.1 x 10" ¢cm~? for sample LRP
90.(A difference in work functions between the gate and an
intrinsic substrate ®,,; of 0.54 eV was assumed [8].) Fixed
charges and interface state densities in these ranges are typical
for conventional thermal oxides grown at 1150°C and not
annealed at high temperature in an inert ambient (9]. It is not
known if the difference in fixed charge between the two
samples is significant or represents a normal run-to-run
variation. It is possible that removing LRP 90 from the
chamber and subjecting it to a chemical cleaning would lead to
a different $,, than for the sample processed in situ because of
an interfacial dipole layer [8).

After the polysilicon deposition, one of the samples
processed in situ received a further 1150°C 15-s anneal in an
argon ambient. It is well known that such anneals improve
interface quality [4], {9], [10]. The high- and low-frequency
CV curves for this sample are shown in Fig. 2, and the
interface state density is shown in Fig. 3. With the anneal, the
midgap interface state density decreased to ~5 x 10% cm-?
eV~!, indicative of an excellent interface. The fixed charge
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Fig. 2. Typical CV curves for an in-situ MOS capacitor (1150°C 15-s

anneal) with an area of 4.5 x 10 *cm-. The capacitance values have been
normalized to the maximum capacitance of 504 pF.
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capacitor of Fig. 2.
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measured 0 + 1 x 10 cm~2. Although such a interface
charge is unusual, an error in the assumed $ s of only 0.03 eV
would change the calculated N, by 2 x 10" cm-?,

To further probe the oxide quality, tunneling current
measurements were performed. Fig. 4 shows the tunneling
current in an annealed, in-siru polysilicon capacitor of area
4.5 x 107? cm? The gate was biased positive to inject
electrons from the substrate into the oxide. (Because of 2
larger barrier height [11], hole tunneling from the gate into the
oxide can be ignored.) The voltage was scanned five times, but
the first four times the scan was stopped 4 V before destructive
breakdown. The fact that the curves fall on top of one another
indicates good oxide stability. On the fifth scan, the voltage
was increased until breakdown. The breakdown field of 10
MV/cm is that expected for high-quality SiO, films.

IV. SuMMARY

In summary, the use of limited reaction processing to
fabricate in-situ multiple layers for MOS capacitors has been
demonstrated. The fabricated capacitors exhibit excellent
characteristics. The ability to deposit gate electrode layers in
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Generation lifetimes and diode properties have been measured in epitaxial silicon films grown by
limited reaction processing. Generation lifetimes from 1.4 10 94 us were measured by observing
the recovery of MOS capacitors from deep depletion. Planar diodes fabricated in both n- and p-
type epitaxial films show excellent behavior in both forward and reverse bias. p-n junctions
formed by growing p-type epitaxial silicon directly on an n-type substrate show no evidence of

excessive interface defects or traps.

Limited reaction processing (LRP) is a new technique
for fabricating thin semiconductor and insulator layers by
controlled high-temperature surface reactions.' In an earlier
letter, the growth of thin epitaxial silicon layers with ex-
tremely abrupt doping profiles was described. The film qual-
ity was evaluated in our laboratory by both Rutherford
backscattering (RBS)' and by majonty-carrier mobility
measurements. These measurements both showed the mate-
nal to be indistinguishable from single-crystal silicon sub-
strates. However, these techniques do not provide very ex-
acting tests of crystal quality. Minority-carrier properties
and devices provide a much more stringent and ultimately
more practical test of the quality of semiconductor layers. In
this communication we report the results of generation life-
time measurements and p-# junction formation in LRP epi-
taxial silicon films.

The LRP technique uses the sample temperature to con-
trol the start and stop of surface reactions (such as epitaxial
growth or oxidation), rather than using the gas flows as is
conventionally done. The wafer temperature can be rapidly
and reproducibly controlled using radiant heatng from
lamp banks controlled by microprocessors. (Others have
used radiant lamp heating to control the wafer temperature
for epiaxial growth, but they have used the gas flows, as
opposed to the sample temperature as done here, to control
the start and stop of the growth process.” ) Because the LRP
technique minimizes the time a wafer is exposed to high tem-
perature, it has the ability to grow ultrathin epitaxial layers
with the detectable transition thickness approaching those
of molecular beam epitaxy (MBE).'"

The epitaxial films grown by LRP studied here were
typically 2-3 um thick and had carrier concentrations on the
order of $x10'® c¢cm ~*. n-type films were grown on Sb-
doped n-type (100) 2-in. silicon substrates with a resistivity
of ~0.02 2 cm, and p-type films were grown on boron-
doped p-type (111) substrates with a resistivity of ~0.05
2 cm. The source gases for the growth were silane and dibor-
anen a hydrogen carrier for the p-type samples, and dichlor-
osilane for the n-type samples. The deposition temperature
was in the range of 850-950 °C, the growth pressure was 4.2
Torr, and the growth rate varied from 0.5 to 1.0 um/min.

The minority-carrier generation lifetimes were mea-
sured in the epitaxial films by the technique of deep depletion
recovery of MOS capaciters described in principle by

o

Zerbst.* The capacitors were formed by oxidizing the epitax-
ial layers in a steam ambient at 1000 °C to give an oxide
thickness of about 650 A. A high-temperature anneal, metal
evaporation, lithography, and patterning, and a 450°C
forming gas anneal completed the fabrication of the test
structure. For control purposes, test capacitors were also
fabricated directly in both n- and p-type (100) Czochralski
single-crystal substrates, with doping levels comparable or
lower than those in the epitaxial films. During the measure-
ments, a computerized feedback system was used to adjust
the gate voltage to hold the depletion width (and. hence, the
generation volume) constant.™® Guard rings were used to
minimize lateral effects. This is especially important for
lightly doped layers. Five to ten capacitors were measured
on each sample.

The results of the generation lifetime measurements are
shown in Table 1. In all cases there was some random vari-
ation in the measured lifetimes. but the generation lifetimes
in the LRP samples were consistently in the range of micro-
seconds for n-type epitaxial films and tens of microseconds
for p-type epitaxial films. Why the p-type sample yielded
longer lifetimes than the n-type sample is not known. While
the lifetimes for the LRP films were roughly an order of
magnitude lower than those found in the virgin Czochralski
wafers, they nevertheless represent excellent matenal. Gen-
eration lifetimes in the 10 us range are common for epitaxial
silicon films used for very large scale integration (VLSI)
processing.”

The simplest minonity-carrier device is a p-n junction
diode. Planar diodes were fabricated in the LRP epitaxial
layers described earlier by ion implantation and annealing.
The implants were masked by deposited oxide which was
lithographically patterned. A dose of 1 x 10'* cm -2 of 50-
keV BF," ions was implanted into an n-type epitaxial laver
and annealed at 1000 °C for 3 min to create p " -n diodes.
As” ions (100 keV,2x 10" ¢m ~?) were implanted in a p-
type epitaxial layer and annealed for 20 s at 1000 °C to create
n * -pdiodes. The depth of the annealed junctions was on the
order of 0.2 um in both cases, much less than the 2-3 um
thickn=<- of the epitaxial layers. Because the implanted lay-
ers we. o+ avily doped. the junction depletion regions were
primarily in the lightly doped unimplanted epitaxial maten-
al under the heavily doped surface layers. Since the perfor-
mance of p-n junctions ‘< strongly dependent on the material
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quality in the depletion region, these diodes should be a good
probe of the “as-grown” epitaxial material. Metal contact
formation and a forming gas anneal completed the diode
fabrication.

Both the n*-p and p * -n diodes had well-behaved curve-
tracer characteristics (Fig. 1) and had breakdown voltages
consistent with the doping of the epitaxial films (24 V for the
p*-n diodes, 16 V for the n*-p diodes). More interesting is
the low current behavior of the diodes in forward bias. A
commonly used measure of semiconductor junction quality
is the diode quality factor commonly referred to as **n."”" The
quality factor describes how fast the diode current increases
in forward bias compared to the ideal maximum slope (59
mV/decade of current at room temperature, n = 1.00). In
diodes in matenal with very low lifetimes, the forward cur-
rent will be dominated by recombination at defects in the
depletion region, leading to a siope of 2 x 59 or 118 mV/de-
cade (n = 2.00)."

Figure 2 shows the current-voltage relationship of a
typical p * -n diode 1n forward bias. From the linear portion
of the curve on this semilogarithmic plot, a diode quality
factor of 1.05 is found. The diode quality factor for the n “ -p
diodes was 1.10. Control diodes in Czochralski substrates
had a quality factor of 1.00-1.03. The reverse-bias leakage
current was measured on p ~-n diodes in the LRP films with
an area of 3.4% 10 * cm”. A typical leakage current at a
reverse bias of § V was 7 pA. Using a simple one-dimensional
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FIG. 2 Typical current-voltage relationship for a p ° -n diode in forward
tias. The diode arcawas 34 = 107 *cm’
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TABLE L. Generation isfetimes for LRP epstaxiai layers and control Czoch
rajski (CZ) wafers.

Doping type and Doping level Generation lifetime

Sample orientation (em ") (us)

cz n-(100) 2x10% 49-87
LRP n-(100) 2.5x 10 1443
cz p-(100) 7x10'" 144-203
LRP p-(100) 7x 10" 14-94

approximation for the depletion region width, a generation
lifetime in the epitaxial film of 4 us can be calculated to be
consistent with the observed currents. This lifetime is within
the range of those measured by the deep depletion recovery

method (Table I).
Because defects and generation-recombination centers

can lower lifetimes by many orders of magnitude, the rela-
tively good lifetimes and diode performance indicate that the
LRP epitaxial layers are of rather high quality. Good films
suggest accurate alignment of the first epitaxial layers nu-
cleated during the temperature ramp-up in the LRP deposi-
tion cycle. This is fortunate because these layers serve as
templates for subsequent growth, and a few poor initial lay-
ers would likely result in a low-quality film. (Low-tempera-
ture deposition for long times results in poor epitaxial align-
ment or even polycrystalline growth.) Apparently, the rate
of increase of the sample temperature (room temperature to
~900°C in ~3s) is fast enough to avoid such problems.
To further examine the epitaxial layer-substrate inter-
face. p-n junctions were formed by growing p-type epitaxial
silicon films (thickness ~2 gm, doping ~5x 10"7 cm %)
directly on the n-type silicon substrates described earlier.
The depletion regions associated with the junctions should
then include the substrate interface. Individual p-n diodes
were formed by aluminum deposition and patterning foi-
lowed by silicon mesa etching. Note that noion implantation
or high-temperature annealing was required to create the
diodes. The forward-bias characteristics of three diodes of
different area is shown in Fig. 3. Note that the current scales
as the area of the diodes. The diodes exhibit an ideality factor
of 1.05, indicating a minimum of defects in the depletion
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FIG. 3. Forward buas charactenstics of subst rate-cpitaxial layer n-p diodes.
The diode areas are 4.9x 107°, $.1<10 ', and 4.8 x 10" *cm*.
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region and, hence, negligible defects at the substrate inter-
face. Thus, the temperature transient during the beginning
of the LRP growth cycle appears to have had no adverse
affects on the electrical properties of the substrate-epitaxial
layer interface. The actual atomic quality of the epitaxial
layer-substrate interface is currently under further investiga-
tion.

In summary, the minority-carrier properties of silicon
epitaxial films grown by limited reaction processing have
been investigated. The films exhibit relatively high lifetimes
(1-100 us) and good diode characteristics. Furthermore,
the substrate—epitaxial layer interface shows no evidence of
excessive traps or recombination centers. High-quality films
and interfaces combined with the ability to grow 10-nm lay-
ers® should make LRP a useful tool for the fabrication of
high-performance electronic devices.
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Structures for MOS Field-Effect Transistors
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J. F. GIBBONS. FELLOW, IEEE

Abstract—Limited reaction processing (LRP) has been used (o achieve
the in-situ growth of epitaxial silicon-oxide-doped polysilicon lavers. The
in-situ growth of these multiple layers was combined with the selective
epitaxial growth technique to create structures for MOSFET fabrication.
The results of n- and p-channel transistor fabrication utilizing these
structures are presented.

I. INTRODUCTION

HE silicon substrate-oxide-doped polysilicon structure

forms the heart of the modern MOSFET. For some
CMOS isolation techniques. a silicon epitaxial laver is added
to create a substrate-epi-oxide-polysilicon sandwich [1]-[4].
Conventionally, these lavers are each fabricated in a separate
step in a separate reactor. and thc wafers must be physically
transported from one reactor to another. In this letter we report
the in-situ fabrication of epi-oxide-polysilicon structures and
present the performance of n- and p-channel MOSFET's
fabricated using these structures.

The multiple-laver structures were fabricated using the
limited reaction processing (LRP) technique [5}. This method
uses rapid changes in sample temperature to control the
growth or deposition of thin high-quality semiconductor or
insulator layers. The LRP uysiem has been described previ-
ously [5]. It consists of a quartz reaction tube surrounded by
microprocessor-controlled tungsten lamps. One end of the
reaction tube is connected to a gas control system which can
supply several conventional processing gases such as Ar, O,.
SiHs, etc. The other end is connected to a low-pressure
pumping apparatus. Silicon samples in the reaction tube can be
brought to typical processing temperatures (e.g., 1000°C from
room temperature) in a matter of seconds. By changing the
process gases in the reaction tube between high-temperature
cycles. multiple semiconductor and insulator layers may be
sequentially grown or deposited in situ. i.e.. without remov-
ing the wafer from the reaction chamber.

We have previously used this technique for the sequential
in-situ growth of a thin oxide and then the deposition of doped
polysilicon for the fabrication of MOS capacitors {6]. How-
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ever. that work did not include an epitaxial silicon taver and
was not extended to a fabrication process for MOSFET 's.

Ii. FaBricaTiON

The starting materials for the experiments were (100} Sh-
doped n-tvpe silicon wafers for p-channel FET's and (100) B-
doped p-tvpe wafers for n-channel devices. Both types of
substrates had a resistivity of ~0.01 Q-cm. Two-inch squares
were cut from larger wafers to fit into the limited reaction
processing tube. Initially. a uniform field oxide of thickness
6000 A was grown by wet oxidation at 1100°C in a
conventional furnace. Holes in the field oxide for subsequent
selective epitaxial growth were then opened using a conven-
tional *‘diffusion’’ mask and wet chemical etching. After a
chemical cleaning, the wafers were loaded into the LRP
chamber and baked in H, for 30 s at 1150°C and 1.0 torr.
Three successive high-temperature steps were then carried out
to create the structure in Fig. 1(a). These steps were: 1)
selective epttaxial silicon growth: 2) gate oxidation: and 33
doped polysilicon deposition. The process gases were changed
and purge cycles were performed between the high-tempera-
ture steps. but the vacuum seal to the chamber was not broken.

The primary source gases used for the epitaxial growth were
7-percent SiH.Cl» and 2-percent HCI in an H, carrier. The
HCI flow was chosen to achieve selective growth. 1.e.. to
grow epi in the oxide holes but to avoid polysilicon deposition
on top of the field oxide. For n-channel MOSFET s, 1.8 um of
p-type epi was grown on a p° substrate (sample LRP 169). and
1.8 um of n-epi was grown on an n~ substrate for p-channel
devices (sample LRP 17!). The pressure during the epitaxial
growth was 4.2 torr, the wafer temperature was 925°C. and
the growth rate was ~ | um/min. The epitaxial layer doping in
both cases was 5 x 10'® cm-?*. Note that the epitaxial layer
was some three times thicker than the field oxide. The detailed
nature of the faceting that occurs at the edge of the epitaxial
silicon surface [7] was not investigated.

The gate oxidation was performed at 1150°C in an oxygen
ambient at.a pressure of 500 torr for a period of 60 s. The gate
oxide thickness was 140 A. After the oxidation, heavily doped
p-type polysilicon was deposited using silane and diborane at
580°C and 1.5 torr. The polysilicon layer thickness was
0.3 um.

After the LRP steps, conventional processing (beginning
with gate lithography and etching) was carried out to create the
MOSFET structures shown schematically in Fig. 1(b). Rapid
thermal annealing of the source-drain implants was performed
to minimize outdiffusion from the heavily doped substrate.
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:Doped poly

Gate oxide

p*-substrate

(b)

Fig. 1. (&) Muluple-lesel epr-oxide-poly structure grown n-sitw by LRP.
and (b the schematic cross section of MOSFET s made from this structure
Note that the actual epuasial laver in our expeniments was three umes
thicker than the field oude.

During the back-end processing. the wafers were subjected to
atotal of 15 min at 900°C. A titanium-aluminum metallization
and a 400°C forming gas anneal completed the processing.

[II. ResuvLts

On-chip capacitor test structures confirmed the gate oxide
thichness of 140 A and showed an epitaxial layer doping of 4-
5 x 10" cm-? for both the p and n epitaxial Jayers. Both the
n- and p-channel MOSFET's exhibited qualitatively well-
behaved characteristics. A curve-tracer photograph of a
typical short-channel n-MOS device 1s shown in Fig. 2. (The
effective channel length of 0.8 um was determined by
measuring the transistor conductance for many different gate
lengths at several different gate biases.) The typical perform-
ance of a p-channel device (with L., = 1.0 um) is shown in
Fig. 3.

Threshold voltages and channel mobilities were extracted
from long-channel (50-um) devices in the triode regime. The
n-channel transistors had a threshold voltage of 1.25 = 0.05 V
and an electron surface mobility of 490 + 10-percent cm?/
V-s. Given the epi doping concentration of § x 10" em~* a
surface mobility of 600 cm?/V-s might have been expected
[8]. However. the CV measurements indicated a surprisingly
high fixed charge at the epi Si-SiO; interfaze (N, ~ § x 10"
cm ). Excess scattering caused by these charge centers can
reduce surface mobilitics [8). The reason for this large
interface charge is not known. The p-channel devices had a
threshold voltage of —0.80 + 0.05 V and a hole mobility of
120 cm?/V -s. The subthreshold behavior of the devices was
also well behaved. Both the n- and p-channel devices showed
subthreshold slopes of approximately 90 mV/decade. The
source (drain)-to-substrate breakdown voltages for both types
of devices ranged from 12 to 20 V. Such breakdown voltages
are consistent with the measured epitaxial layer doping.
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Fig. 2. Curve-tracer characteristics of 4 typical n-channe! device with £ -
08 umand W = 50 um

Fig. 3. Curve-tracer characteristics of a ty pical p-channel device with L.
1.0 um and ¥ = 50 um

The low carrier mobilities and the high interfacial charge
indicate some material problems at the epitanial layer-thin
oxide interface. Although it is conceivable that the high fixed
charge is related to the in-situ processing. it is more hikels that
the selective epitaxial growth step was not properly optimized
Uniform nonsclective cpitaxial silicon layers grown by LRP
have been shown to exhibit excellent material and electnical
properties [5]. [9]. These include minority-carrier lifetimes in
the range of tens of microseconds and electron and hoic
surface mobilities (for conventionally processed FET 's) of 830
and 200 cm- 'V -s. respectively. It should be noted that two-
step in-situ processing (oxidation plus polysilicon depositiont
has been found to vield excellent interface quality (6]

V. Discussion

Multiple-fevel in-situ processing could reduce the inevitable
contamination (particulate and chemical) that occurs when
wafers are transported from one reactor to another. Cleaner
interfaces between qayers could lead to greater process
uniformity and higher yields. Such considerations could be
important for ULSI. However. the scale of the processing in
these experiments (2-in wafers and discrete devices) was not
sufficient to allow realistic testing of parameters such ax
threshold uniformity and yield.

Because limited reaction processing minimizes the high-
temperature exposure of the wafer. the substrate-epitaxia!
layer interface remained sharp. A SIMS profile of the B
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Powo 4 SIMDS protile ot the horon goping an the epitavaal laver atter the
competon of MOSEET processing tsampie LRP 1649,

Joping protile tn sample LRP 169 after the completion of the
processing shows the B concentration at the intertace changes
ey nearly two orders of magmitude in only 0.3 um (Fig. 4.
Hence the epitavaal laver thickness could have been much
thinner than the ~2 um used 1n these expenments without
adversely attecting the transistors. Note that depositing the
rolvsiicon n-serw imphies that any amplants for threshold
shiting would have to be done through the gate polysiticon.
As an alternative to such implants. the tight control of dopant
profiles offered by LRP may make it possible to tailor the
doping of the epitaxaal layer during the laver growth. Such a
techmque would depend on very precise control of the dopant
level in the epitanial material, however.

In this work. n- and p-channel devices were fabricated on
separate substrates. Further work is underway to combine both
tvpes of transistors onto a common substrate for complemen-
tary structures. Such a process will probably require two
separate selective epitaxial steps. Because of the oxide
isolation and the heavily doped substrates, the complementary
structure should be rather immune to latch-up.
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V. Stavary

The use of limited reaction processing to tabricate multipie-
laver semiconductor and insulator structures has been demon-
strated. These layvers have been used to tabricate both n- and p-
channel MOSFET's. Further experiments arc necessary 1o
evaluate the vield and process uniformity implications of
multiple layer in-situ growth. Construction of a large-scale
reactor for this purpose is in progress. Combining limited
reaction processing with in-situ patterning (such as laser beam
assisted deposition [10]) may make it possible 10 someday
build a complete circuit without removing the wafer from the
processing chamber!
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Growth ot GeSI/SI Strained-layer Superlattices Using
Limited Reaction Processing

C. M. Gronet, C. A. King, and J. F. Gibbons
Stanford Electronics Labs, McCullough 226, Stanford, CA 94305

ABSTRACT

SiGe/Si superiattices were grown using limited reaction processing in a
chamber which allows both W-halogen and Hg arc wafer illumination. Each multilayer
structure was fabricated in-situ by changing the gas composition between high
temperature cycles. Commensurate SiGe alloy layers as thin as 15 nm were
reproducibly deposited and were examined using transmission electron microscopy,
sputtering Auger electron spectroscopy, and Rutherford backscattering. Preliminary
results are presented on UV/ozone cleaning of LRP substrates to remove residual
carbon contamination in-situ prior to film deposition.

INTRODUCTION

In previous papers [1-4], we introduced limited reaction processing (LRP) as a
new technique for the in-situ fabrication of multiple thin layers of semiconductors and
insulators. The key to LRP is precise control of thermally driven surface reactions.
By using radiant energy, large changes in the temperature of a semiconductor
substrate can be induced very quickly yet controllably. As shown in Figure 1, such
rapid temperature changes are used in an LRP cycle as a "switch” to turn a thermally
driven surface reaction on and off.

The LRP technique has three significant capabilities or advantages. First, since
the substrate is hot only during fayer growth, LRP inherently minimizes the thermal
exposure of a substrate, reducing the broadening of interfaces by diffusion and
intermixing. Second, LRP allows the controlled growth of very thin layers. The
accuracy and reproducibility of substrate temperature vs time profiles afforded by
lamp heating allows excellent control of the extent of surface reactions. Third, LRP
facilitates in-situ processing. By changing the ambient gases between high
temperature cycles, multiple thin layers of different composition can be grown
sequentially without removing the substrate from the processing chamber. Such
in-situ processing is important for minimizing chemical and particulate contamination
which inevitably occurs during wafer handling between conventional layer growth
steps.

This paper describes the application of LRP to the deposition of commensurate
SiGe/Si superlattices with ultrathin SiGe alloy layers. SiGe alloy layers are attractive
because they have a bandgap which can be tailored by changing the Ge composition
[5), can be grown epitaxially on silicon [6-8], and are potentially compatible with
current silicon processing technology. Molecular beam epitaxy has been used to
fabricate SiGe/Si modulation-doped field-effect transistors [9,10] and infrared
detectors [11]. Atmospheric pressure chemical vapor deposition (CVD) has been
used to deposit SiGe/Si superiattices [8], but alloy layers thinner than 30 nm could not
be grown. LRP superlattices exhibit superior layer thickness control, even for layers
as thinas 15 nm.

EXPERIMENTAL
One of the LRP systems used to grow SiGe superlattices has been described
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previously [1]. A new chamber, shown in Figure 2, was constructed with W-halogen
lamps for wafer heating and a low pressure Hg arc grid lamp for in-situ UV light
processing. The walfer is supported on three quartz pins in a chamber contructed by
sealing a water-cooled stainiess steel ring between two quartz plates. Temperature
calibration is performed using a W/26% Re vs W/5% Re thermocouple which is
electron beam welded to the center of a test wafer. Epitaxial fiims are deposited on
wafers without thermocouples by using a power vs time program for a desired
temperature vs time cycle.

The substrates used were 2, 3, or 4 inch diameter (100) silicon wafers.
Typically the wafers are given a wet chemical clean prior to insertion into the LRP
chamber. Next, in some cases, the Si wafer is given an in-situ ozone clean using a
combination of oxygen and UV light [12-14]. An example of the effectiveness of
UV/ozone cleaning for removing residual carbon contamination is shown in Figure 3
(15]. We are currently investigating the effect of UV/ozone cleaning on the material
and electrical properties of epitaxial layers. In all cases, immediately before
deposition, the wafers were baked in H, for 30 - 120 seconds at 1150 - 1200 °C. The
temperature necessary for this hydrogen bake step may be reduced by prior
UV/ozone cleaning since the formation of SiC could be prevented. Oxide alone can
be removed at 1000 °C or less [16,17]. Lower pre-bake temperatures result in less
thermally induced defects (e.g., slip), less thermal exposure of the substrate or
underlying structures, and less autodoping. After the H, bake step, the wafer is
allowed to cool, the desired reactant gases are introduced, and then the film
deposition thermal cycle is initiated typically within 60 seconds of the H, cleaning

step. Si and SiGe films were deposited at 900 °C using SiH, and GeH, diluted in H,.
Typical deposition pressures were 2 - 4 Torr using total flow rates from 1 - 3 Ipm.

RESULTS

First. single layers of SiGe alloys were grown for material characterization and
growth calibration. For example, a film grown for 60 seconds at 900 °C and a
pressure of 4.2 Torr using 27 ccm SiHy, 0.7 ccm GeHy, and 3 Ipm H, was analyzed
using Rutherford backscattering (RBS) and sputtering Auger electron spectroscopy
(AES). The film thickness and Ge fraction were 0.37 u and 9%, respectively. The
minimum yield, calculated by dividing the total Ge peak channeling yield by the total
random yield, was 5.5%, indicating good crystal quality [18]. RBS analysis of a
number of samples was used to correlate the sputtering AES yield with Ge mole
fraction in the thin SiGe alloy layers.

Commensurate SiGe strained-layer superlattices were grown in-situ using
multiple LRP cycles. The reactive gas composition was changed while the wafer was
cool, in between high temperature cycles. Growth interruption was typically less than
60 seconds. Figure 4 shows AES and cross-section transmission electron
microscopy (TEM) data for a typical superlattice [19]. The bright field TEM
photograph distinguishes the SiGe and Si layers as dark and light, respectively, and
indicate that the growth is commensurate. Plan view images show that the
dislocation density is less than 108 cm2.

CONCLUSION

In summary, we demonstrate that LRP can produce ultrathin, high quality Si
and SiGe epitaxial layers with thickness and composition control comparable to
molecular beam epitaxy. An LRP reactor was constructed with the capability for
in-situ UV/ozone processing to improve surface cleanliness. Removal of residual

25




o

T

Paper # 6

surface contamination is especially critical for heteroepitaxial deposition. Currently,
we are investigating SiGe/Si modulation doped structures where LRP offers a key
advantage: the ability to easily achieve high active dopant concentrations in very
confined regions [3]. Such high doping levels should allow high conductance in
SiGe/Si MODFET structures. In addition, we are also investigating the use of SiGe
alloys layers deposited in-situ prior to silicon epitaxial layers to create a gettering
mechanism [20] and improve Si growth conditions [21].
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Figure 1 Schematic substrate temperature vs time profile during a typical LRP
cycle. Reactive gases are introduced while the wafer is cool, and then the
temperature of the substrate is used as a switch to start and stop a thermally driven
surface reaction.
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Figure 2 Scale sideview of LRP chamber showing cutaway. The quartz windows are
0.66 inches thick and 11 inches in diameter. The top plate is synthetic quartz for UV
transmission. Samples may be loaded through the rectangular port in the side or by
opening the top in a clam-shell fashion. 19 - 6 kW W-halogen lamps, 0.5 inches
apan, are used for the bottom lamp array. The UV source is an 11 x 11 inch low
pressure Hg grid lamp.
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Figure 3 Typical Auger spectra for silicon wafers cleaned using an HF dip, RCA wet
chemical clean, and an HF dip followed by an ozone clean. Only the ozone clean is
capable of removing all detectable carbon from the silicon surface. Ozone cleaning
was performed by placing the water in pure oxygen within 2 mm of a low pressure Hg
grd lamp for 60 seconds. All samples were inserted into the Auger chamber within
15 minutes of the cleaning procedure.
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Figure 4 Sputtering Auger spectrum and cross-section TEM for a typical Sig gGeg 1/Si
superlattice structure. The Auger yield was calibrated using RBS data from a number
of single alloy layers deposited on silicon. The TEM shows that the growth is

commensurate. The thinner alloy layers are 15 nm thick and appear darker in the
micrograph.
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Growth of GeSi/Si strained-layer superlattices using limited reaction

processing
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S. D. Wilson
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(Received 24 June 1986; accepted for publication 7 December 1986)

S1Ge/Si superlattices were grown using limited reaction processing. Each multilaver structure
was fabricated /n situ by changing the gas composition between high-temperature cycles.
Commensurate SiGe alloy layers as thin as 15 nm were reproducibly deposited and were
examined using transmussion electron microscopy. sputtering Auger electron spectroscopy. and
Rutherford backscattering. Si/S1Ge interfaces are abrupt to within a few monolavers,
establishing for the first ume the use of a chemical vapor deposition technique to fabricate

abrupt GeSi/Si-based heterostructures.

In previous letters,'™ we introduced hmited reaction

processing (LRP) as a new technique for the in-situ fabrica-
tion of multiple thin layers of semiconductors and nsula-
tors. The key 1o LRP is precise control of thermalily driven
surface reactions. By using radiant energy, large changes in
the temperature of a semiconductor substrate can be induced
very quickly, vet controllably. Such rapid temperature
chaneges are used 1 an LRP cycle as a “switch™ to turn a
thermally driven surface reaction on and off

The LRP technique has three sigmificant capabilities or
advantages. First, since the substrate is hot only during layer
growth, LRP inherently minimizes the thermal exposure of

2407 J Appi Pnys 6116) 15 March 1987
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a substrate, reducing the broadening of interfaces by diffu-
sion and intermixing. Second. LRP allows the controlied
growth of very thin layers. The accuracy and reproducibility
of substrate temperature versus time profiles atforded by
lamp heating allows excellent control of the extent of surface
reactions. Third, LRP facilitates in-sitw processing. By
changing the ambient gases between high-temperature cy-
cles, multiple thin layers of different composttion can be
grown sequentially without removing the substrate from the
processing chamber. Such in-situ processing 1s important for
minimizing the chemical and particulate contammation
which inevitably occurs during wafer handling between con-

¢ 1987 American Insttute of Physics 2407
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ventional layer growth steps.

This communication describes the application of LRP
to the deposition of commensurate SiGe/Si superlattices
with ultathin SiGe alloy layers. SiGe alloy layers are attrac-
tive because they have a band gap which can be tailored by
changing the Ge composition.® can be grown epitaxially on
silicon,*”* and are fairly compatible with current silicon pro-
cessing technology. Molecular-beam epitaxy has been used
to fabnicate SiGe/Si modulation-doped field-effect transis-
tors>'" and infrared detectors.'' Atmospheric pressure
chemical vapor deposition (CVD) has been used 1o deposit
S1Ge/Si superlattices,” but alloy layers abrupt to better than
15 nm could not be grown because of smearing or mixing at
interfaces. LRP superlattices exhibit superior layer thick-
ness control with interfaces sharp to within a few mono-
layers.

The LRP systems used to grow the SiGe superlattices
have been described previously.''* The wafer is supported
on three quartz pins in a chamber contructed from quartz
and stainless steel. The radiant source 1s a bank of 6-kW
tungsten-halogen lamps. Temperature calibration is per-
formed using a W26 Re vs W/5% Re thermocouple
which 1s electron beam welded to the center of a test wafer.
Epitaxial films are deposited on wafers without thermocou-
ples by using a power versus ime program to produce a
desired temperature versus time cycle.

The substrates used were 2-. 3-, or $-1n.-diam (100) sih-
con wafers. Typically the wafers were given a wet chemical
clean prior to insertion into the LRP chamber. Immediately
before deposition, the wafers were baked 1n H. for 30~120 »
at 1150-1200 °C to create a clean surface. The wafer was
cooled. the desired reactant gases were introduced. and then
the film deposition thermal cycle was initiated typically
within 60 s of the H. cleaning step. S1 and SiGe films were
deposited at 900 °C using SiH, and GeH, diluted in H..
Typical deposition pressures were 2—4 Torr using total flow
rates from 1-3 Ipm.

First, single layers of SiGe alloys were grown for materi-
al characterization and growth cahbration. For example. a
film grown for 60 s at 900 °C and a pressure of 4.2 Torr using
27 sccem SiH,, 0.7 sccm GeH,, and 3 Ipm H, was analvzed
using Rutherford backscattering (RBS) and sputtering Au-
ger electron spectroscopy (AES). The film thickness and Ge
fraction were 0.37 um and 9%, respectively. The minimum
yield, calculated by dividing the total Ge peak channeling
yield by the total random yield, was 5.5%. indicating rela-
tively good crystal quality.'’ RBS analysis of a number of
samples was used to correlate the sputtering AES yield with
Ge mole fraction in the thin SiGe alloy layers.

Commensurate SiGe strained-layer superlattices were
grown in situ using multiple LRP cycles. The reactive gas
composition was changed while the wafer was cool, in
between high-temperature cycles. Growth interruption was
typically less than 60's. Figures 1 and 2 show AES and cross-
section transmission electron microscopy (TEM) data for
typical superlattices.'* The alloy layers in sample 284 [Fig.
1(a) and 2(a)] contain 10% Ge, while the alloy layers in
sample 334 (Fig. 1(b) and 2(b) ) contain 17% Ge. Layers
with higher Ge content are produced by simply increasing
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FIG | Sputtering Auger spectra for samples 284 and 334 showing nomini’
alloy laver Ge contents of 10 and 17%. respectively. Note that the Ge
data were increased by a factor of 3 for sample 284 (a) and a factor of & for
sample 334 (b). The sputtering rate was reduced to achieve a depth re<olu-
tion of approximately 6 nm. The Auger yield was calibrated using RBS dats
from a number of thick, single alloy layers deposited on silicon (Charles
Evans and Associates).

FIG 2 Cross-section TEM's of samples 284 (a) and 334 (b) showing com-
mensurate growth The SiGe layers appear darker in these micrographs
Plan view images show that the dislocation density is less than 10° cm ™ *
(Hewlett-Packard Labs)
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FI1G 3 va s High-resoluton transmission electron micrograph lattice im-
age ot partof a SiGe St mulnlaver structure, <01 progecnion th) Micro-
densitometer trace across the GeSi layer indicating that the SiGe, $iinter-
faces are abrupt to within approvimuately 20 A

the GeH,/SiH, flow rano during growth. The bright field
TEM photographs distinguish the SiGe and St layers as dark
and light. respectively. and indicate that the growth is com-
mensurate. Plan view images show that the dislocation den-
sty 1s less than 10" em ~. We are currently investigating the
$1Ge alloy layer thickness nonuniformity apparent in sample
334 Such nonuniformity appears to be indicative of island
graowth which becomes more favorable as the Ge mole frac-
tion and the deposition temperature are increased.'*

Figure 3 shows a highly magnified view of one of the
Si,..Ge,, layers in sample 284. Also shown is a densitom-
eter trace which provides a quantification of the SiGe/Si
interface abruptness. Although the interface resolution is
limited by Fresnel diffraction effects, the transition width
appears to be about five monolayers.

In summary, we demonstrate for the first time that
LRP, a CVD-related technique. can produce ultrathin, high
quality Si and SiGe epitaxial layers with abrupt interfaces.
Compared to molecular-beam epitaxy. the higher growth

temperatures used in LRP encourage three-dimensional
growth for high Ge compositions, but we have demonstrated
abrupt two-dimensional growth for dilute Ge compositions
in the regime used for modulation-doped field effect transis.-
tors.

The authors appreciate the contributions of Dr. J. Brav-
man of the Stanford University Materials Science Depart-
ment, Dr. Jim Sturm. Lockheed Corporation. the Hewlett-
Packard Materials Characterization Labs, and D. A.
Reynolds at Defense Advance Research Projects Agency
(contract DAAG29-85-K-0237). C. Gronet acknowledges
the support of an Office of Naval Research Fellowship.
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Secondary ion mass spectrometry of hyper-abrupt doping transitions

st Senm g e

fabricated by limited reaction processing
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Hewlett Packard. 3500 Deer Creek Road, Palo Alio. California 94304

C. M. Gronet and J. F. Gibbons
Stanford University, Stanford, California 94305

(Received 9 February 1987; accepted for publication 6 April 1987)

Secondary ion mass spectrometry (SIMS) is used to quantify the abruptness of hyper-abrupt
B-doping profiles in epitaxial silicon grown by limited reaction processing (LRP). By
measuring the abruptness of dopant profiles as a function of SIMS primary beam energy and
extrapolating to zero energy, doping roll-off decay lengths less than 20 A are found for both
the trailing and leading edges of LRP structures fabricated at 900 °C. Doping abruptness is
limited by diffusional broadening during subsequent epitaxial growth. An asymmetry in
leading and trailing edges of doping profiles is shown to be a SIMS sputter artifact, and the
ratio of extracted decay lengths at these interfaces is predicted from elementary recoil events.
A proportionality is found between sputter broadening of the doping profile and Monte Carlo

calculations of dopant recoil depth.

Recently, advanced epitaxial silicon processes such as
limited reaction processing'~’ and molecular beam epi-
taxy*-® have shown a potential capability to grow semicon-
ductor structures with unprecedented control of doping pro-
files. Next generation integrated circuits, including
high-speed bipolar and submicron complementary metal-
oxide semiconductor (CMOS), will require such control to
grow doped structures with hyper-abrupt profiles.

While advanced epitaxy shows potential for the fabrica-
tion of very abrupt doping profiles, techniques for the char-
acterization of these profiles are lacking. Spreading resis-
tance is limited by the physical extent of the depletion laver,
and is useful only in the measurement of decay lengths
greater than about 100 A. Simularly, techniques such as sec-
ondary ion mass spectrometry (SIMS) which rely upon
sputtering by high-energy ions suffer a loss of interfacial in-
formation due to sample intermixing. The recoil processes
induced by these primary ions also limit depth resolution to
A = 100 A or more.

A number of researchers®'* have investigated the limits
of SIMS depth resolution both experimentally and theoreti-
cally. Most of these focused on depth profiling of shallow
implantation profiles, and perturbation of projected range
and range straggling due to sputter recoil phenomena. In
particular, Schulz er al.'? showed that beam-induced broad-
eming can be reduced by performing SIMS measurements at
low energies, and that an extrapolation of range parameters
10 zero beam energy gives a good approximation to expected
values. In these studies, however, it 1s very d:fficult to sepa-
rate sputter-induced broadening from intrinsi= range strag-
gling of the shallow implants under study. Fo- a better un-
derstanding of fundamental limitations of sputter
techniques. more abrupt doping profiles are desirable.

Taisletter presents a SIMS study of transition widths on
silicon epitaxial structures with extremely sharp doping pro-
files. By performing depth profiles at various energies. the
sputter-induced artifacts of the SIMS mceusurement can be

accounted for, and a true measure of interface width ob-
tained.

Limited reaction processing uses radiant heating to pro-
vide rapid, prectse changes in the temperature of the sub-
strate to control surface reactions and epitaxial growth. Us-
ing this technique with a B.H, source gas, square
boron-doping profiles with nominal doping concentrations
between 10'* and 10'® cm = were obtained at growth tem-
peratures of 900 and 1000 °C in epitaxial silicon grown on
S1{100) substrates. SIMS depth profiles were obtained on a
custom-built quadrupole UHV instrument. using an Ato-
mika duoplasmotron oxygen (O." ) ion source at a sputter
angle 20° from the normal. To eliminate instrumental
broadening due to effects other than recoil intermixing, sec-
ondary 1ons were collected only from the central portion of
the sputter crater. In addition, the crater bottom topographv
was measured after SIMS profiling with a Dektak profilo-
meter, and was found to be flat within the resolution of the
instrument (20 A).

Figure 1 shows representative B depth profiles obtained
at various primary beam energies for the limited reaction
processing (LRP) doping profile fabricated at 900 °C. The
intended structure was a symmetrical p~-doping pulse of
500 A thickness at a doping level of S x 10'® e¢m = ', with the
leading interface located approximately 500 A beneath the
surface. Simular profiles were obtained for the doped LRP
structure grown at 1000 °C. Doping decay lengths extracted
from leading and trailing edges of the 900 and 1000 °C struc-
tures are pletted as a function of primary beam energy 1n
Figs. 2(a) and 2(b). respectively, demonstrating that recoil
intermixing decreases with decreasing energy for both inter-
faces.

The linearity of the doping decay length versus primary
beam energy suggests that recoil intermixing effects might
be eliminated by an extrapolation to zero energy. With this
extrapolation. the leading and trailing intertaces of the LRP
doping pulse grown at 900 °C as shownin Fig. 2(a), show an
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FIG 1. SIMS depth profiles of boron doping pulse in LRP structure, per-
formed at vartous primary beam energies. LRP growth temperature 900 °C.

actuai doping decay length on the order of 4 = 20 A. indi-
cating an almost atomic abruptness. Doping decay lengths
for the structure grown at 1000 °C, shown in Fig. 2(b), ex-
trapolate to much broader sample interfaces of A = 69 and
94 A for leading and trailing edges, respectively. It is signifi-
cant that the trailing edge, exposed to the elevated tempera-
tures for a longer period, has a less abrupt doping interface.

Assuming a random walk diffusion of B in Si during
LRP growth, given the diffusion coefficient for B in Si'* at
900°C (D =2x10""cm"/s)and 1000°C (D =2x 10" "
cm-/s), and the length of time these interfaces are exposed
to epitaxial growth temperatures (30 and 60, respectively),
one can calculate an expected diffusion length for leading
and trailing interfaces. Table I shows a comparison of calcu-
lated diffusion lengths with measured interface decay
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FIG I Doping decay lengths for leading and trufing edees extracted from
SIMS depth profiles as a function ot (). primary beam energy for LRP
structures grown st ) U0 Cand ¢h) 1000 °C

TABLE 1. LRP doping intertace abruptness

9200 *C 1000 *C
Leading Trahing Leading Trahng

edge cdee vdpe cdee
Measured »
decay 0A 0A 69 A 94 A
length (A)
Calculated .
diffusion I5A ISA 30 A 110 A
length (Dr)' ~

lengths as determined by the energy-dependent SIMS mea-
surements described above. The close correspondence
strongly suggests that the doping abruptness of these struc-
tures is limited by diffusional broadening during subsequent
epitaxial growth.

Now let us discuss the simple linear extrapolation of the
decay length versus primary beam energy. The sputter ener-
gy dependence of interfacial mixingis known to be a function
of the energy range under study, the sputtering and recotl
atoms, and other factors.”® In the most elementary model
considering only primary recoil events, the energy of the
recoil atoms will be proportional to the primary heam ener-
gy. Primary collisions between oxygen atoms and dopant
atoms will transfer the greatest amount of energy. These
high-energy recoil atoms will be implanted furthest beyond
the interface and thus shouid define the extent of sputter
broadening of the interface. Calculations based on the Boltz-
mann transport equation'® suggest that recoil decay lengths
should be proportional to recoil energy. The linear depend-
ence of interface width on primary beam energy observed
experimentally in this and other systems'*"'* may thus be
justified. A linear extrapolation of decay length for the data
shown in Fig. 2 to zero energy will then vield the true sample
interface width with an absence of sputter-induced artifacts.

The sputter-induced asymmetry in the SIMS profiles of
Fig. 1 can be understood in terms of the elementary recoil
sputter processes at each interface. Broadening occurs at the
trailing interface via a primary sputter event in which an
incident oxygen specie impacts a single boron dopant atom.
The efficient energy transfer in such a collision results in a
relatively high projected range for the boron atom. In con-
trast, broadening of the leading edge will occur primarily by
the two-atom recoil process in which an incident oxygen ion
sputters a silicon atom which in turn causes recoil of a boron
atom. The lower energy transfer gives a shallower projected
range and a sharper leading interface. This is qualitatively
observed in the SIMS profiles of Fig. 1. and would also be
expected as a general result in depth profiling of hyper-
abrupt interiaces.

In fact, one can obtain a quantitative estimate of the
relative broadening of front and buck interfaces from these
elementary srutter events by comparing the average energy
imparted (o vore 1 atoms in the reconl events at each inter-
face. Using a simple hard-sphere model. a 10-kV oxveen pri-
mary beam will impart an average energy of 0.95 AV 1o a
boron recoil atom in the 1w~ atom sputter process at the
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FIG. 3 Monte Carlo calculations of projected ranege for recoul implantation
of boron atoms from hard-sphere coilisions with O.” sputtening spectes at
vanous energies. A linear relationship is found between these implantation
depths and expenimentally determined decav lengths from SIMS depth pro-
files on LRP structure fabncated at 900 °C

leading interface. At the trailing interface. boron recoil
atomsin the primary sputter event receive an average energy
of 2.4 kV. Since a linear relationship has been predicted
between recoil energy and decay length.’® we expect a decay
length ratio of 2.4/0.95 = 2.53. Expenimentally, the actual
decay length ratio at back and front intertaces for the more
abrupt 900 °C growth structure at 10 kV was 3.19.

We also note an empinical correspondence between the
measured recoil decay length (4) and the projected range
(R,) for boron atoms with energies given by the hard-
sphere calculations above. For each incident primary beam
energy, the average energy for boron recoil species was de-
termined at both the front and back interfaces. Monte Carlo
TRiM simulations of the implantation process were then per-
formed to calculate R, for recoil boron atoms in each case.
Figure 3 shows the correspondence between calculated R,
and decay lengths (4 ) measured for the 900 °C LRP struc-
ture. For both leading and trailing edges it appears that there
is a linear relationship between implantation depth and de-
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cay length approximated by 4 =U 7O R _(E ., where £,
represents the average energy imparted 1o the boron recoil
atom.

The interface mixing model presented here 1s tremen-
dously simphfied, and does not consider cascade mixing,
which is believed to be the dominant recoil process in this
energy range.'' However, the prediction of quahitative fea-
tures of interface broadening in this context shows that some
insight into the limits of SIMS depth resolution can be found
by considering only elementiary sputter events.

In summary, we have shown that advanced epitaxial
techniques such as limited reaction processing (LRP) are
capable of extremely abrupt doping protiles. Broader inter-
faces were obtained at higher growth temperatures. and
quantitative agreement between extracted decay lengths and
calculated diffusion lengths indicates that interface abrupt-
ness s limited by dopant diffusion duning subsequent epitax-
1al growth. Primary features of interface broadening during
SIMS depth profiling can be understood by considening the
energy transfer to dopant atoms at abrupt interfaces in ele-
mentary recoil events. The imitations imposed on the mea-
surement of very abrupt interfaces by recoil intermixing due
to the SIMS sputter process can be greatly reduced by ener-
gy-dependent measurements.

T F Gibhone € M Gronetand KD Wilans, Appl Phivs Len 47,700
119%8)
1 C Sturm. C M Gronet, and J F Girhons. | Appl Phye 593150
11986)

'C M Gronet, ] C Sturm. K E Williums. undJ F Gitbons. Appl Phys
Lett 48,1012 (1986)

*Procecdings of the First International Svimrosium on S:i/.con Moiecu'cr
Beam Epitaxy, edited by J C Bean (Electrocnemical Society, Penring-
ton. NJ, 1988).

‘F G Allen. Thin Sohid Films 123, 237 0 [y

KO Wittmaack, Vacuum 34 119 0 19sdy

P Willhams, Appl Phys Lett 36, 758 (19-0)

P Sigmund, Phyvs Rev. 184 385 (1969

‘M D Giles.J. L Hoyt,and ) F Gibbons. Mater. Res Soc Symp Proc
69. 323 (19%6)

] Remmerie and H E. Muaes. Spectrochim  Acta Part B 40, 737 ( 19x¢)

""H. H. Andersen. Appl. Phys 18,131 (1979

"F Schulz, K. Wittmaack. and J Maul, Ragiat, Eff. 18, 211 (197 1)

"W Vandervorst. H E. Muaes. and R F De Keersmaener. J Appl Phy
$6. 1425 (198%4)

'"'F.R. Shepherd. W. H Robinson.J D Brown.and B F Phiilips. ] Vac
Sci. Technol. A 1, 991 (1983)

'S M Sze, Physics of Semuconducior Devices. 2nd ed. ( Wiler. New York,
1981), p. 68.

"L A Christel. J. F Gibbons. and S Mulrowe. Nucl Instrum Methods
182 187 (1981).

35




oy

Paper # 9

Electrical Characterization of In-situ Epitaxially Grown
Si p-n Junctions Fabricated using Limited Reaction
Processing

C. A. King. Student Member, IEEE. C. M. Gronet, Student Member, IEEE. and
J. F. Gibbons, Fellow. IEEE
Stanford Electronics Laboratories. Stanford. CA 94305

S. D. Wilson
Charles Evans & Associates. Redwood City. CA 94063

Abstract

Electrical properties of in-situ grown p-n junctions formed by Limited Reac-
tion Processing are investigated. Forward current ideality factors of 1.01 £ 0.3%
were obtained over a large current range extending down to 1 pA. Reverse current
densities measured 3.5 £ 1.2 nA/cm” at a reverse bias of -5 volts. Breakdown oc-
curred at the expected value of -22 V7 and displaved a very sharp current rise of
30 decades/volt. Extremely uniform light emission from the junction was observed
under a microscope at breakdown: this phenomenon is a visual indication that
the material ix of hieh quality and suitable for high performance minority carrrier

devices.

Introduction

The growth of thin semiconductor lavers with rapidly varying material com-

position and doping concentration has recently been the basis for many technologt-

fa PRl

cal developments {1-4]. The abiiliy v produce abrupt changes in the doping profile
has several advantages. First, it allows device design to mcorporate fine structure
with thin doped layers. Such layers are vital for certain device applications such as
modulation doped structures and bipolar junction trausistors. A second advantage
of abrupt junctions is the absence of compensation which degrades drift mobility
and thus increases hulk resistance. This resistance may be especially important.

for example. in the thin base of a bipolar transistor. Finally, it is desirable to have
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an extremely abrupt emitter-base junction. It improves the injection efficiency
since minority carrier charge storage in the emitter is suppressed.

In the past Limited Reaction Processing (LRP) has been used to demonstrate
the growth of thin. abrupt layers [3.4.3.5], and p-n junction diodes formed by
implantation have been studied (3.6]. In this paper, the properties of in-situ grown
p-n junctions are to be examined and compared with implanted devices.

LRP was used to grow epitaxial silicon p-n junctions. They were grown
without removing the wafer from the growth chamber. These junctions were formed
by growing two consecutive layers on an n+ substrate, the first layer being doped
n-type and the second layer p-type. The ability to carry out this procedure in-situ
ensures clean interfaces since they are never exposed during subsequent processing.
The risk of contaminating sensitive junctions is thereby reduced. This reduced risk
will increase reproducibility and reliability as well as performance. In-situ grown
interfaces will improve such characteristics as reverse leakage current and reverse

breakdown.

Grown junction devices displayed excellent forward bias characteristics with

ideality factors of 1.01+0.3Y over seven decades of current. Reverse leakage current

material is of high quality. Extremely abrupt reverse breakdowns were seen at the
voltage expected for a step junction with the measured impurity density in the
lightly doped side. Uniform light emission across the junction was also observed at
breakdown which visually indicates that the density of electrically active defecets

and metallic impurities is very small.

Fabrication

Layer growth of the devices discussed in this paper was carried out 1n a
reaction chamber which provides radiant heat to a single wafer and uses wafer
temperature not process gas flow, as a switch to initiate and terminate epitaxial
growth. The apparatus has been described elsewhere {3.1]. The p-n junctions fab-
ricated in this experiment were 1solated using a mesa structure, but three different
methods of forming the junctions were utilized. The first method, type A, is a
grown junction where both n and p type layers were grown epitaxially in-situ on
an n+ substrate. Type B junctions were formed by growing a lightly doped n layer

on an n+ substrate, but implanting with boron and BF; to form the top p layer.
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Table 1
Summary of device structures used in this investigation.
Sample n layer p layer
Type

2um LRP epi | 0.5um LRP epi
A 4x10"% em™ | 7x 10" cm™3

Arsenic Boron
2pum LRP epi | Boron and BF,

B 3 x 10" cm™? Implant

Arsenic

5-8 - cm Boron and BF,
C {100) CZ wafer Implant

Type C diodes were made by directly implanting boron and BF, into a 5-8 Q- cm
(100) n-type wafer. Three successive implants. 5 x 10'* ecm™% at 45 Ke\” with BF, |
8§x 10" cm~? at 45 Ke\” with boron. and 1x 10" em™2 at 100 Ke\™ with boron were
used to achieve a relatively flat profile of the same doping density as the grown
junction devices. Table 1 summarizes the structure of tie e (vpes of devieons,
Doping densities and layer thicknesses were measured using spreading resistance

profiling (SRP) and secondary ion mass spectroscopy (SINS).

The substrates used for the tvpe A and type B devices were (100) oriented
and doped withi Sb to a level 2 x 10™ em™?. These wafers were given an RCA clean
and HF dip mmmediately prior to loading into the growth chamber. After a 30
second H; pre-clean at 1200°C and 250 torr . a 2 ym n-type laver doped to a level
of 4 x 10" em™ was grown using SiClyH, as the Si source and AsHy as the dopant
source. Total chamber growth pressure was 6 torr with 0.8% SiC1,H, in H; present.
The n-type layer was grown thick enough to guarantee that the depletion region
idown would be fully contained within the epitaxial laver. The growth rate
of this layer was 0.25 yim/minute at a growth temperature of about 1000°C. For
type A devices, a second laver growth was executed. Upon completion of growth
of the first laver, the AsH; was switched off and a flow of B,Hg sufficient to obtain

3 was established. Three

a p-type doping density of approximately 7 x 107 cm™
minutes after termination of the n-type layer epitaxy, a 0.5 g p-type layer growth

commenced at 900°C and 1000°C using the same conditions as stated above. The
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doping densities of these layers are suitable for the base-collector junction of a

bipolar transistor.

Once the epitaxial growth was complete, the wafers were given an RCA clean
and loaded into a standard LPCVD furnace for deposition of 900 X of Si;N, at
780°C. Since the mask contained a variety of rectangular patterns, the wafers were
patterned such that the mesa sidewalls of all the devices would be oriented in a
[100]-type direction so as to minimize the effects of the perimeter leakage on device
characteristics [3.7]. The nitride was patterned using an SFs and C F3Br plasma.
The nitride layer then served as a mask for the mesa etching of the underlying epi
layers. A 4M solution of KOH at 60°C was used to etch the silicon. The wafers were
cleaned once again and thermally oxidized at 900°C for 25 minutes and annealed
in argon for 15 minutes at 900°C to passivate the mesa sidewalls and activate the
implanted dopant in the control wafers. The nitride was then stripped and 2000 A
of Tiand 1 um of Al-1% Si was sputtered to form an ohmic contact to the p layer.
After patterning the metal, the samples were annealed at 400°C for 10 minutes in

forming gas.

Results

The forward characteristics of three type A grown junction devices with differ-
ent areas are shown in Figure 1. An HP-4145 Semiconductor Parameter Analyzer
was used for all DC measurements. The slopes of the forward curves have ideality
factors of 1.01£0.3% and the saturation current of each device varies precisely with
area. This dependence on area suggests that the sidewalls play an insignificant role
in device operation. The forward current characteristic remains ideal from very
low currents to levels where bulk and contact resistances dominate. This range of
ideal behavior spans nearly eight orders of magnitude, and is an indication that
space charge recombination currents are negligible. On the other hand. ideality
factors for type B devices were 1.02 £+ 0.4% and type C diodes exhibited factors of
1.05 £ 1.3%. These higher ideality factors are probably a product of the anncaling
process used here. The temperature and time of the anneal was chosen in order to
minimize interdiffusion in the grown junction and vet still passivate the sidewalls.
For the thermal cycling given here, these results suggest that the clean interface

provided by the grown junction is superior to that obtained by implantation.
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Figure 1. Forward characteristics of three grown junction diodes. Diode areas
are (a) 4.0 x 1072 cm? (b) 4.0 x 10~* cm?. and (¢) 2.5 x 10~* em?. The
device structure is shown in the inset.
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Figure 2. Reverse characteristic of a square diode with current plotted on a
log scale. The area of the diode is 1.0 x 10~* cm?, and the breakdown
voltage is the expected -22.3 volts.

The reverse current characteristic of a grown junction device is illustrated in

Figure 2. Small leakage currents below the sensitivity of the HP-4145 exist at Jow
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reverse bias, and at breakdown the device achieves a sharp transition to avalanche
mode operation. Reverse current densities of 3.5 4 1.2 nA/cm? were obtained at a
reverse bias of -5 V for these devices after measuring several diodes of different area
on the same die. Device area varied from 1.6 x 107° cm? to 4 x 1073 em?. These
current densities compare favorably with other recent data presented for diffused
diodes [3.8.3.9]. In the same manner, reverse current densities for type B devices
measured 4.4 + 0.1 nA/cm? while those of type C diodes were 5.24 0.7 nA/cm? at
-5 V reverse bias. Type A devices with a p layer grown at 900°C were identical to

those grown at 1000°C.

Breakdown in type A devices occurred at the expected value of approximately
-22 V for a doping density of 4 x 10'® cm~3 in the n-type side [3.7]. The sharpness
of the current rise at breakdown, like the ideality factor in the forward bias region.
is an indication of junction quality. In the breakdown region. the type A grown
junction devices exhibit current rises of 26 to 30 decades/volt before series resis-
tance effects become important. This value agrees well with silicon devices in the
literature which showed excellent breakdown characteristics [3.10.3.11]. Type B
devices. however. displayed current rises of 11 to 15 decades/volt. Visual evidence
of exceptional hreakdown behavior in the type A grown junctions was observed
through a microscope by biasing a device at a current density on the order of 10
A/cm”. This bias is sutficic nt to cause the silicon to heat up and glow in regions
where breakdown is occurring. Extremely uniform light generation across the de-
viee was noted as can be seen in the photograph of Figure 3. Defects or metallie
impurities within the epitaxial layer will produce relatively sparsely distributed
‘Lot spots” around the junetion. These “hot spots” are detinitely not evident in the
photograpl of Figure 3. Since the light intensity emerging from the device 1s o
weak. a very long exposure time of 8 hours was required for the photograph. and
the true nature of the light uniformity is not captured. Even so. @ uniform density

of breakdown regions is clearly apparent and indicative of a high ¢uality junction.

Conclusion ‘

Mesa p-n junction diodes grown in-situ using Limited Reaction Processing
were fabricated and examined. Ideality factors of 1.01 % 0.3 were obtained for
the grown junction devices while control devices utilizing a boron implant to form

the junction had inferior factors of 1.02 £ 0.4% and 1.05 + 1.3%. Similarly. reverse
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Figure 3. Photograph of a reverse bias diode with area 2.25 x 107! cm*”. The
dark area in the center is the metal contact.

leakage currents for grown junetion dindes 2t 3V Lias were 3.5 £ 1.2 nA/em?
while the controls showed current densities of 4.4 + 0.1 nA/em” and 5.2 + 0.7
uA/cm”. Breakdowns were sharp for the grown junction at the expected reverse
voltage of -22 V. Grown junction devices exibited a 30 decade/volt current swing
once breakdown occurred. Uniform light emission from the devices provided visual
confirmation of the excellent breakdown performance. From these experiments, it
s apparent that excellent minority carrier devices can be fabricated from grown

Junetions formed by LRP.
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ABSTRACT

This study is concerned with the fundamental limitations imposed by cascade mixing
and recoil implantation on the depth resolution of secondary ion mass spectrometry
(SIMS), and the effects of these limitations on the determination of impurity profiles in
semiconductors.

We present experimental results of measurements on atomically, or near atomically
abrupt impurity profiles in Si using magnetic sector (Cameca) and quadrupole (Atomica)
SIMS machines. The analysis conditions and samples have been chosen to minimize
instrument (crater wall resputtering) and surface (equilibration time) effects. Under
such conditions the leading edge o% an abrupt signal is smeared to a complimentary
error function, while the trailing edge exhibits an exponential decay reminiscent of recoil
implantation profiles.

Modifications of the Boltzmann Transport Equation (BTE) approach to ion implan-
tation in multilayer targets will be shown to provide a first principles calculation of such
SIMS knock-on phenomena, which is in good agreement with the empirical results.

INTRODUCTION

Modern semiconductor device process monitoring places high demands on materni-
als characterization techniques in terms of both depth resolution and dynamic range.
Because of its high sensitivity, secondary ion mass spectrometry (SIMS) is often the
technique of choice for chemical depth profiling of dopants in semiconductors Trends in
device processing require the analysis of shallower, more abrupt impurity profiles, which
have already exceeded the depth resolution of conventional SIMS. Hence, it is of interest
to better understand and characterize the depth resolution, in order to minimize the
undesirable effects, with the eventual hope of deconvolving the system resolution from
SIMS data.

Like all techniques which employ sputtering, SIMS analysis is subject to ion beam
mixing effects. An excellent review of beam-induced broadening effects in sputter depth
profiling is given by Wittmack in (1], who notes that ‘dilute systems’ (i.e. impurities
in semiconductors) are desirable for studying atomic mixing processes as they avoid the
complications associated with large composition changes at interfaces. Schulz et al. (2],
and Shepherd and co-workers|3] have studied the shape of low energy B and As implants
in Si as obtained by SIMS with Art and O} bombardment. For Ar* primary ions, an
explicit exponential tail is evident on B profiles, with a decay length Ag proportional to
the Art energy.

Vandervorst, et al. [4] have made detailed studies on very low energy As implants

into pre-amorphized Si and SiO, using Ar* and Of ions. For Of bombardment, these
authors find 2 lincar dependence of Ay, on Ep for Eg < 2 KeV per atom. Above this
energy, they find A4, = E5. Under Ar* bombardment, it appears that A4, =~ ES
which they note is close to the square root energy depeadence predicted by calculations
of collisional mixing (5]. ,

The theory of sputtering has been treated by Sigmund [6], and collisional mixing
is described by Sigmund and Gras-Marti [7,8]. Simple cascade mixing calculations of
Anderson 45] predict a symmetrical smearing out of sputter profiles, characterized by
a standard deviation o which depends upon the primary ion energy, mass, and the
substrate mass. Monte Carlo calculations (9], and full-blown transport theoretical treat-
ments [10,11] predict assymetrical distortion of sputter profiles, and exponential tails.

This work is not concerned with instrument or special sample effects. We present
experimental examples of beam mixing effects on impurity profiles of As, B, and Sb in
Si under ‘typical’ SIMS profiling conditions. The original motivation for this work was
to investigate the effects of limitations in SIMS depth resolution on the measured shape
of doping profiles produced by high concentration As* implantation into Si, followed
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by rapid thermal annealing (RTA). During the short time, high temperature annealing
cycle, the concentration dependence of the As diffusivity produces a box-shaped depth
profile with an abrupt junction. The SIMS profiles of these RTA samples are compared
to those of samples prepared by molecular beam deposition (MBD), which is known to
produce impurity transition regions on a monolayer scale.

In addition, the Boltzmann transport equation calculations [12] used for ion implan-

tation simulation have been enhanced to model recoil implantation effects for the SIMS
case, and results of these calculations will be described.

EXPERIMENTS

Several types of samples were used in this study. Boron doped, 5 to 10 Q2 —cm,(100) Si
wafers were implanted at room temperature with 80 KeV As* to a dose of 8 x 10'®* cm™~2.
Samples were then rapid thermal annealed for 10 to 15 seconds at temperatures ranging
from 1050 to 1200 °C to regrow the amorphous layer and diffuse the As. For the reference
samples, the molecular beam deposition of doped and undoped Si was performed at room
temperature, resulting in an amorphous layer. Some of the samples were then annealed at
700 °C for 30 minutes, producing polycrystalline Si. SIMS analysis showed no difference
between the depth profiles of as-deposited and annealed MBD layers. A third set of
samples was produced by limited reaction processing (LRP), a chemical vapor technique
which uses tungsten lamps for rapid substrate heating [13?, thereby minimizing dopant
diffusion. Epitaxial Si layers with a constant B concentration were grown on lightly-
doped p-type substrates. Thin, alternating layers of p* and undoped layers were also
grown by this technique. These samples provide a good test of SIMS depth resolution
and dynamic range, as B can be incorPorated into the Si at concentrations much higher
than obtained in MBE (up to 1 x 10%*' cm™3).

All of the samples in this study were analvzed on a Cameca IMS-3f using 15 KeV
Cst primary ions, and negative secondaries. Typical primary beam currents were in the
range of .8 to 6 pA rastered over a 500 x 500 um? area, resulting in sputtering rates of 5
to 30 A/second. Standard techniques (e.g. a field aperture for crater edge rejection) are
used to minimize instrumental eftects on the depth resoiution without unduc sacrifice in
sensitivity and dynamic range. On this machine, the angle of the primary column with
respect to the sample normal is nominally 35°, but for Cs* bombardment with negative
secondary ions, the secondary extraction optics bend the primary beam as it approaches
the sample, so that in practice the beam angle is closer to normal incidence.

The B doped samples were also profiled with a 5 KeV OF beam on the Cameca ion
microscope using positive secondary ions. In this case, the primary beam bends away
from the sample normal, resulting in an incidence angle of about 45°. Typical sputtering
rates were 5 to 10 & /second.

A quadrupole mass analyzing machine (Atomica) was used to profile the As samples
at a lower energy, employing 6 KeV OF, at a current of .1 ¢ A scanned over a 400 x 400
pm? area. The resulting sputter rate was .5 A/second. The beam strikes the sample
at two degrees from the normal. The molecular interference signal due to 2°Si®°S;i'6Q
limits the ultimate SIMS sensitivity in the case of 7As in both the Cameca and Atomica
machines, and is suppressed by offsetting the sample voltage during As anaysis.

In all cases, sputtering rates were determined from crater depths measured on a
Dektak stylus meter. To reduce uncertainties associated with SIMS quantitation er-
rors, we have normalized all the As SIMS data to the dése as measured by Rutherford
backscattering (RBS), which should be accurate to within 15 %.

Figure 1 depicts the SIMS response to the leading edge of an atomically abrupt
doping transition for 15 KeV Cs* bombardment. The sample in figure 1(A) is a 3300
A molecular beam deposited Si layer. During the depesition of the first 2300 A | the B
shutter was open, resulting in a layer with =~ 7 x 10'® em=3 doping concentration. The
B shutter was closed for the last 1000 A of deposition, producing an abrupt transition

at a depth of 1000 A. Figure 1(B) shows a SIMS profile for an undoped, 5200 A MBE
layer on an Sb-doped Si substrate.
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Figure 1A: SIMS response to the leading Figure 1B: SIMS profile of the interface
edge of an abrupt B doping transition. between an undoped MBE layer and an
The solid line is the convolution of a step Sb-doped Si substrate.

function with a gaussian with half width
equal to 60 angstroms.

Both profiles can be fit to error funcions (shown by the solid lines) with convolving
gaussians of standard deviation ¢ ~ 60 A, corresponding to the symmetrical (e.g. cascade
mixing) component of the sputtering distortion. For these SIMS conditions, the depth
resolution measured on a leading edge is roughly the same for B and Sb in Si, and is
independent of the sputtered depth, in the range of 1000 to 6000 A.

Figure 2 compares As depth profiles of a molecular beam deposited As doped layer
with an ion implanted and rapid thermally annealed sample. The data in figure 2(A) was
obtained with 15 KeV Cs* bombardment. Both profiles exhibit exponential tails over 2.5
to 3 decades, with decay lengths A4, of 105 A. Clearly, the shape of the RTA As profile
bevond 1700 A is obscured by the beam-induced distortion during the SIMS analysis.
For comparison, figure 2(B) shows SIMS profiles of the same samples obtained with 6
ixeV OF primary ions on the Atomica machine. Although the background is higher by
almost an order of magnitude in this case, the exponential tails fall off slightly faster,
with decay lengths of 89 and 82 A. This is consistent with the fact that the calculated
range (14] of 3 KeV O* is 90 A, while that of 15 KeV Cs* is 158 A. It is also consistent
with Vandervorst’s [4] value of = 105 A for A4, in SiO; under 6 KeV O} bombardment,
since he observed that the decay lengths in oxide were slightly higher than those in Si.

The gain in depth resolution obtained for B in Si on the Cameca machine as a result
of switching from 15 KeV Cs* to 5 KeV OF primary ions is evident from figure 3.
This sample was grown by LRP. Although the Cs* SIMS profile has slightly better
dynamic range, the shape of the B pulses is almost completely obscured by the beam
mixing effects. The trailing exponential decay lenghs on tlie pulse centered at a depth
of 2000 A are 134 and 65 i under Cs* and O} bombardment respectively. Note that
for Cs* bombardment, the broadening is much more assymetrical than for the case of
O7 primaries.

BOLTZMANN TRANSPORT CALCULATIONS

The BTE method has been successfully applied to the calculation of primary ion and
recoil range distributions in a variety of jon implantation problems [12,15]. A pertinant
example is the calculation of the profile and yield for o::ygen atoms recoil implanted into
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the underlying substrate during an implant (of As, for instance) into a thin layer of SiO,
on Si [16]. Since the details of such calculations have been described elsewhere, only a
brief description is given here.

In this method, the evolution of the ion momentum distribution F(E. 6, =) is given by
the Boltzmann transport equation in terms of the differential scattering cross sections.
In practice, a computer program keeps track of how the distribution changes for each
ion type (primary and recoils) as a function of depth, given the initial condition in which
all the primary ions are at the surface, moving with the energy Ej.

The calculations may be extended to the sputtering case by explicitly including the
sputtering process as follows. Suppose that a total dose ¢ of primary ions is required
to sputter a sample to a depth t. Conceptually, this situation may be considered as a
series of n low energy implants, cach of dose 2 into a fresh surface of a sample whose
composition has already been altered by the previous implant. In practice. the entire
calenlation is not repeated n times, but the ‘fresh surface’ is simulated by keeping the
beam energy fixed during the sputtering process, and adding new primary lons to the
appropriate momentum distribution according to the dose rate per angstrom sputtered
(measured empirically).

In a standard BTE implant calculation the target may consist of a series of layers
of fixed, uniform composition. For the SIMS case, we are interested in recoils from a
dopant profile contained in a background material. As the calculation proceeds, dopant
atoms left behind are considered sputtered and collected by the SIMS system. Other
dopant atoms will be recoiled further into the target. The code was modified to include
the recoiled dopant ions into the target description so that they may become candidates
for recoil again as the sputtering beam moves by. Stopped atoms from the primary beam
are also treated as part of the target to model the changes in composition resulting from
the large sputtering doses. Care must be taken ir updating the target composition since
time has already been integrated out in this formulation of the transport equation. For
the SIMS calculations however, the target is continually being depleted of dopant atoms
and accumulating primary jons. Predictions of the number of displaced atoms based
upon a static target will overestimate the number of recoils. An algorithm based upon
a statistical argument is used to limit the number of recoils generated in a given layer
to ((z) * (maz))/(z + maz) for r attempts to displace atoms from ‘max’ sites.

Figure 4 compares the calculated and measured SIMS profiles for 15 KeV Cs* sput-
tering through the As MBE layer shown in figure 2(A? A problem in dealing with the
recoil ion distributions arises because of the energy resolution of the energy-angle matrix,
since a recoil generated with energy less than the energy resolution can not be followed.
In recoil calculations during an ion implant through a surface layer, a correction to ac-
count for these cascade recoils is applied near the interface. This is not satisfactory for
sputtering calculations because it does not allow for multiple recoils of these low energy
ions. For a 15 KeV primary beam, the energy resolution is 1 KeV, so that many low
energy recoils will be neglected, resulting in a shorter As profile decay length (curve A).
This situation is corrected for in the algorithm which limits recoil generation described
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above by removing recoils moving at large angles with respect to the beam direction
in preference to low angle recoils. The result is the curve labeled B. Finally, the BTE
calculated profile (B) is convolved with the mixing gaussian with o = 60 A. The result,
indicated as curve C in the figure, shows very good agreement with the measured decay
length of A4, = 105 A.

Calculations have also been performed for Cs* on B in Si. Using the same calculation
parameters as for the As case, the predicted decay length of the simulated SIMS profile
is close to the measured value of \g = 130 A. BTE calculations for 6 KeV OF sputtering
do not have the energy resolution problems found in the 15 KeV Cs* case, so that no

corrections need to be made in the handling of high angle recoil generation. Reasonable
) agreement is again obtained.

CONCLUSIONS

For a Cameca IMS-3f with 15 KeV Cs*, the leading edges of B and Sb abrupt doping
transitions in Si may be fit to profiles which are the convolution of a step function and
a gaussian with standard deviation o =~ 65 A. Trailing edges exhibit explicit exponential

! tails. This work, and that of others suggests that the characteristic decay length, A
depends upon the projected range of the primary ion in Si (a function of My, Ej, and
8.11). In addition, it is species dependent, e.g. A4, = 105 A and Ap = 135 A under
{ 15 KeV Cs* bombardment. This may be understood in the recoil framework in terms
of the range of the recoiled dopant atoms in Si. The Boltzmann Transport Equation
method for calculating recoil effects during ion implantation has been modified to treat

P the SIMS problem. The calculations predict recoil profiles which are in good agreement
) with the measured results.
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EPITAXIAL ALIGNMENT OF As IMPLANTED POLYSILICON EMITTERS

J.L. Hoyt.E.F. Crabbé.J.F. Gibbons, and R.F.WV. Pease,
Stanford Electronics Laboratories, Stanford, CA 94305

ABSTRACT

We demonstrate a clear advantage for high-temperature, short time annealing to in-
duce intentional, complete epitaxial alignment of arsenic implanted, 0.5 pm-thick polysil-
icon films on (100) silicon, while minimizing arsenic outdiffusion into the substrate.
Using MeV ion channeling and cross-sectional electron microscopy, epitaxial alignment
was studied in the 1050-1150 °C temperature range, for arsenic doping concentrations
between 1 and 10 x 10?® cm™3. The alignment efficiency increases dramatically with
chemical arsenic concentration in this range. An arsenic concentration of 10?% cm™3
yields alignment behavior which proceeds from the polysilicon/single-crystal interface.
Between 1 and 5 x 10?° cm™3, the random grain growth can exceed the rate of alignment,
and large grain, highly oriented polycrystz'line films can result from the RTA. For 0.3
pm-thick polysilicon films with an average doping of 10?! cm~3, the rate of achievement
of a high degree of epitaxial alignment exceeds the rate of arsenic penetration into the
substrate at temperatures > 1150 °C.

Bipolar transistors with 0.5 pm-thick emitter contacts and polysilicon dopings of 5
4 and 10 x 10%° cm™2 show less variation in base current when subjected to RTA (T >
1100 °C) compared to devices annealed in a furnace in the 900 to 1000 °C range, while
retaining the advantage over metal contacts.

INTRODUCTION

Polycrystalline silicon (polysilicon) films formed by low pressure chemical vapor de-
position (LPCVD) are widely used in advanced bipolar integrated circuit technology.
When deposited directly on the single crystal silicon, polysilicon serves as a diffusion
source and a self-aligned contact to the extrinsic base and emitter regions. The LPCVD
process results in a thin interfacial layer between the poly- and single-crystal silicon
[1,2]. Subsequent furnace annealing in a standard high-speed bipolar transistor process
produces partial breakup of this layver, allowing an uncontrolled amount of epitaxial
regrowth of the polysilicon to take place. The transistor base current and emitter resis-
tance are strongly dependent on the morphology of this interfacial layer [3,4]. A short,
high-temperature emitter drive-in which intentionally induces complete epitaxial align-
ment of the polysilicon with the substrate should alleviate this process sensitivity. An
added benefit of the high temperature RTA is reduced base and emitter resistance [3).

Epitaxial alignment of undoped polysilicon deposited on (100) silicon has been stud-
ied previously by furnace [6], and rapid thermal annealing [7] (RTA). Alignment is ob-
served to proceed from the polysilicon/single crystal interface, where epitaxial columns

form and grow towards the surface at a rate of 20-200 A/min. in the 1000 to 1100 °C
temperature range. Alignment of arsenic implanted emitters has been realized in high-
frequency devices using fast furnace annealing at 1150 °C 8,9]. These authors report that
high arsenic doping enhances the alignment. However, it is clear that a more thorough
understanding of the epitaxial alignment process in heavily doped films is required in
order to design a successful RTA process for polysilicon emitter annealing. In this work,
the effect of arsenic concentration on the nature of the epitaxial regrowth is elucidated,
and the kinetics and temperature dependence of alignment quantified. Bipolar transis-

tors were also fabricated by this process, and the device results are briefly summarized
in the final section.

EXPERIMENTS

Starting substrates were boron doped, 11-15 Q — cm (100) silicon. Undoped polysil-
icon films of thickness 0.5 micron were deposited in a conventional LPCVD reactor at
620°C. Prior to loading, wafers were given a standard RCA clean followed by an etch in
! 50:1 HF with no subsequent rinse. As™ was imé’)]antcd at low beam current densities into

some wafers at 150 KeV to a dose of 5 x 10'* em~?, and others at 60 KeV to doses of
2.5 and 5 x 10'® cm~?. Because arsenic diffuses so rapidly in polysilicon, uniform doping
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throughout the layer as measured by RBS depth profiling is obtained during the align-
ment anneal for the temperatures investigated in this study. The above implant schedule
results in constant arsenic concentrations of 1, 5, and 10 x 10%° cm~2 in the polysilicon.
Wafers were capped with LPCVD oxide deposited at 450 °C to prevent arsenic loss.
and then cleaved into small squares. For a given anneal condition, samples from ail
three wafers were subjected to RTA in a tungsten-halogen lamp system simultaneously.
Samples were placed on a silicon wafer with a thermocouple embedded in its center.
and the annealer was operated in closed-loop mode. Temperatures ranged from 1050 to
1150°C for times of 10 to 1000 seconds. After the RTA, arsenic diffusion profiles were
obtained by Rutherford backscattering (RBS). Structural changes in the polysilicon films

were studied via 2.2 MeV *He ion channeling and cross-sectional transmission electron
microscopy (XTEM).

A. Arsenic concentration effects and temperature dependence

The strong effects of arsenic concentration and temperature on the morphology of
annealed films are illustrated in Fig. 1, which shows XTEM micrographs of samples
subject to 10 second anneals. The three samples shown in Fig. 1 (a)-(c) were annealed
simultaneously at 1150 °C. At an arsenic concentration of 10%° cm~3 (a), the polysilicon is
partially aligned from the interface towards the surface, leaving an uppermost layer which
remains polycrystalline. The extent of alignment is laterally nonuniform. Increasing the
doping to 5 x 10%° ecm™? results in complete epitaxial regrowth to the sample surface
over most of the film, with a defected layer remaining (b). The major residual defects
are twins and stacking faults. The same anneal yields complete alignment for a sample
doped to 10%! cm™3 (c). The interfacial layer between the original poly- and single-crystal
silicon is still visible, but has broken up into individual oxide inclusions as seen in other
XTEM studies of polysilicon alignment [2]. Decreasing the anneal temperature by 50
degrees produces the film morphology illustrated in (d), for an 1100 °C anneal. The
high arsenic concentration (10*' cm™3) has resulted in enhanced grain growth, so that
after only 10 seconds the average grain size in the film has exceeded the layer thickness
of 0.48 microns. Selected area diffraction patterns (not shown) indicate that some grains
ge.g. region A in the figure) are epitaxially aligned to the substrate, while others are not

region B).

g;"ig. 2 shows the (100) axial ion channeling spectra for the samples pictured in Fig. 1
(a)-(c) (1150-10 sec. RTA), compared to a spectrum for an unannealed polysilicon film.
For an arsenic doping of 10?° cm™2 (curve (a)), we see that the average regrown thickness

extends & 2000 A from the poly/single-crystal interface. The graded low-energy edge of
this spectrum results from the nonuniform regrowth seen in the TEM. (Fig. 1(a)). When
the arsenic concentration is raised to 5 and 10 x 10%° cm~3, the dramatically enhanced
grain growth alters the nature of the resulting channeling spectra (b) and (c), and it is
no longer meaningful to speak of an ‘alignment rate’. A useful measure of the degree
of epitaxial alignment in cases where the average grain size reaches the film thickness is
the integrated yield Xin, defined as the integral of the aligned spectrum over the 0.48
micron film thickness, divided by the corresponding integral of the random spectrum.
The integrated yields for the spectra in Fig. 2(b) and (c) are 0.10 and 0.065 respectively.
For comparison, we find an integrated yield of 0.055 for a virgin silicon sample.

Fig. 3 compares the kinetics of the alignment process at 1100 °C for 10% (a) and
10%! cm~3 (b) arsenic concentrations in the polysilicon. In the lower arsenic concentration
case (a), the 30 and 90 second spectra show that the film aligns from the interface in a
manner qualitatively similar to the undoped case (7). However, the increase in aligned
thickness appears to be nonlinear in time. In general, we have measured initial alignment
rates which are higher than those extrapolated from our longer time data. In the high
concentration case (b), the backscattering yield within the 0.48 um layer is high for the
10 second RTA, but drops with increasing anneal time, indicating improving epitaxial
alignment. For a given anneal time, the yield is constant within this layer, and the shape
of the channeling profile is typical of large-grain polyerystalline films, in sharp contrast
to the spectra shown in (a).

B. Alignment kinetics versus diffusion

We have studied the temperature d_ependencc of the alignment kinetics in detail for
the highest arsenic doping in the polysilicon (10?! cm™?), and compared it to the rate of
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Fig. 1: Cross-sectional
transmission electron mi-
croscopy observations of
10-sec. anneals illustrat-
ing the strong effect of
arsenic doping N,, on
epitaxial alignment. At
an arsenic concentration
of 10%° cm™3, the polysil-
icon is partially regrown
from the interface to-
wards the surface. The
epitaxial alignment in-
creases dramatically as
N s 1s increased to 5 (b)
and 10 x 10?*° cm™3 (¢).
The interfacial layer has
broken up into oxide in-
clusions. Micrograph (d)
illustrates the decrease in
alignment efficiency for
a 10?' cm~3 sample an-
nealed at 1100 °C. com-
pared to (c) at 1150 °C.
The MeV ion channeling
integrated yields are also
indicated.

Fig. 2: Backscattering spec-
tra corresponding to the mi-
crographs of Fig. 1 (a)-(c),
for an 1150 °C-10 sec. RTA.
The graded low-energy edge
of spectrum (a) corresponds
to the nonuniform regrowth
seen in the TEM (Fig. 1(a)).
The fact that the aligned
vield for this sample does
not reach the random value
indicates that some fraction
of the film has regrown to
the surface. The drop in
the aligned yields for (b)
and (c) illustrates the dra-
matic improvement in align-
ment efficiency for Ny >
5 x 102 cm™3,

Backscattering yield (counts)

Polycrystaliine  Si

3

' (@) 1150 °C
P 1x 102(2:m.
’
- Aligned

(b) 1150 °C
20

5x10 cm
xml =010
(c) 1150 °C
21 -3
1x10 c¢cm
xlm =0.06
Non-aligned_ grain
(d) 1100 °C
21 .2
1x10 ¢cm
N\ =0.80
\\\ Xy =
Aligned grain
\ 100
L 722 MeV
fHet+

Rancdom :
silicon

L Aligned <1005

No Anneal Wy /
\~ -
| N v\ - / /'

RTA:1

S
’ (@)Mag=1x1020¢cm3

[ Aligned <100>: RTA

5x 1020 c¢m-3

S

0.5 micron poly-
<100> silicon

10 sec.

on

150 ¢C

b
SR ' (¥x1021cm'3
"'“';---E'-.'._‘-:/.;:, \-‘h —'—'.\
S 1.0 1.1 1.2 1.3
Energy (MeV)
52

1.4




Puper # 11
10C0. ! #
L Poly-Si
<100> 'i
900.¢ Si 0.48 pm ) 900. Si 0.48 um 100

— — 2.2 eV

2 800.;M "V, j Z2Mevl 2 go0. L e

3 Random KR 2

§ 7CO.L ’ ’ § 700.} Randofm d X

g Aligned <100> ! L % ’l e,
1 -2, 600.tNo Anneal T~/ [~~~ 30 sec. Z_; 600. ,::;,:ii:;?o) A~

(=] ~ (S - < -~

£ =00 -\\‘ i £ oo oL 10see

& ~VY-p :' ‘,-- ! o > . 2

3 N 00 sec. s N /

S a00.} S 400.} -

% Aligned <100>: RTA-1100 °C %
L 'l 3]

@ 300. @ 200.f pigned <1005 RTA.11009C

200.} 200.}
. 30 sec.
< 100.} 100} imei oo in Bee
) 0, L Virgin crog> §7 TR
9 1.0 1.1 1.2 1.3 T8 1.0 1.1
Energy (MeV) Energy (MeV)

(a) Channeling spectra for Ny, = 10? cm™.  (b) Channeling spectra for N, = 10?! cm™>.
The polysilicon film aligns from the inter-  The higher doping produces large grain poly-
face towards the surface. The initial rate of  crystalline silicon and hence the different

alignment appears higher than that between  shape of the profiles compared to (a).
30 and 90 sec.

Fig. 3: A comparison of the kinetics of the alignment process at 1100 °C for the lowest
(a) and highest (b) arsenic dopings. Channeling spectra were obtained by aligning the
P analyzing beam to the substrate (100) direction.

arsenic outdiffusion into the substrate, as measured by Rutherford backscattering depth
profiling. The shape of the arsenic diffusion profiles is indicative of the degree of epitaxial
alignment with the substrate. Fig. 4 illustrates the evolution of the 1100 °C diffusion
profiles as the film changes from large grain polycrystalline after 10 seconds. to epitaxial
silicon after 90 seconds. The arsenic segregation peak at the original poly/single-crystal
interface disappears between 10 and 30 seconds as the integrated yield drops to 0.1, and
subsequent diffusion profiles exhibit a shape associated with high concentration arsenic
diffusion in single-crystal silicon.

Junction depths measured with respect to the original silicon surface were extracted
from the RBS profiles by noting the depth corresponding to an arsenic concentration of
1x10'® cm~3(see Fig. 4). Fig. 5 compares junction depths (closed symbols) to integrated
yield (open symbols) as a function of anneal time at 1067, 1100, and 1150 °C. Since the
XTEM of Fig. 2 (b) shows few residual defects, and corresponds to an integrated yield
Xine Of 0.063, we have chosen this value as a criterion for reasonable alignment. For
a Yine Of 0.065, the junction depths are 1500 A at 1150 °C and 2000 3 at 1100 °C.
This clearly illustrates the advantage of higher temperature, shorter time anneals. Since
we have made direct comparisons of junction depth and integrated yield on the same
samples, this conclusion is independent of errors in the determination of the exact
temperature versus time profiles.

Fig. 6 is an Arrhenius plot comparing the epitaxial alignment and arsenic outdiffu-
sion processes. The rate of increase in epitaxial quality may be measured by the inverse
of the time required to reach an integrated yield of 0.065, (To.0ss)”", which has a very
strong temperature dependence. A measure of arsenic diffusion into the substrate may
be obtained by the slope of graphs of X;? versus time at a given temperature, which is
the dashed line in the figure. We find an activation energy of 4.2 eV for this process,
consistent with high concentration arsenic diffusion in silicon(10]. By dividing the diffu-
sivity scale by (10° cm)? we can use the left-hand axis to find (703 ym)~", the inverse of
the time required to produce an arsenic penetration of 0.1 #m, and can compare the two
processes directly on the same scale. In this case, anncaling at temperatures > 1150 °C
(the intersection of the two curves) is necessary to minimize arsenic outdiffusion while
] maximizing the alignment process for 0.5 pm-thick films.
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Fig. 4: Arsenic diffusion pro-

files for samples annealed at 102
1100 °C for 10, 30 and 90
seconds, obtained by Ruther-
ford backscattering. Also in-
dicated are the measured inte-
grated yields calculated from
the channeled spectra of Fig.
3 (b). The segregation at
the original polysilicon /single- 1020
crystal interface is no longer

visible after the 30 sec. anneal.

As concentration (cm'3)

] lll[ll

b

10 sec (X, } \
30 sec (X = 0.1) \
90 sec (X, = 0.065) '\—-\\ -
VY]
Implant: 60 KeV As* — S V]
1 x 10 cm2 \ \\‘

lo——— ) \
ornginal polysiicon ————eram Xl_"1
I ! 1 L + 1 y

1 LI 1 1 L T

As diftusion dunng
polysilicon epitaxial regrowth

RTA: 1100 °C

L) 11l

111 1qal

i

1

|

1019
0 1000 2000 3000 4000 5000 6000 7CC0
Depth (})
1 100 1030 =C
0s 1 ?0 . :
0.5 um polyisticon on B
<100> silicon
Npe = 1 x 102! cm™ b
I i
€ ol w0t i At
x = 3 E ¢ ;
o] = < L ~ As Cutaiffusion (~4 2 eV} 1
= a Tr < 107
> 8 § ~ 1 g
heol ~ e
2 5§ & Epitanal N 10
] Z = Alignment - E\\ =
= ki ™ X. o = 65% 2 o
g s ° * e T UGS
£ 2 = F ~ Ny
g r e
£ f
L1150 °C i ]
~—0—0—00 - \
00 bt i ® YT g08s \
10 102 103 o Xt — -3
, : 3
Time (sec) 5 x ,°a£ . 1 . . . \ :
69 70 7.1 72 73 Ta 75 s
VT x 104 (K
Fig. 5: Integrated yield (open symbols) Fig. 6: An Arrhenius plot comparing

and arsenic junction penetration (solid
symbols) vs. RTA time for three differ-
ent temperatures. An integrated yield of

0.065 is obtained for anneals of 1150 °C-10

sec. and 1100 °C-90 sec., with correspond-
ing junction depths of 1500 and 2000 A&,

demonstrating the advantage of high tem-

perature RTA.

o4

the outdiffusion (dashed line) and epitaxial
alignment (solid line) processes. 7q s is the
time required to reach an integrated vield
of 0.065 from Fig. 5. When referred to
the left-hand axis, the dashed line also rep-
resents (7o) yum)~', the inverse of the time
to produce an arsenic penetration of = 0.1
pm.



C. Device Results

Bipolar transistors were fabricated with 0.5 um-thick pol}'silicon contacts to the emi:-
ters, and average polysilicon dopings of 5 and 10 x10?° cm™>. The devices were anneaicd
at temperatures ranging from 1100 to 1180 °C. High polysilicon doping levels are nec-
essary to minimize the storage of minority carriers in the aligned emitters. The devices
were characterized by their base current, which is a measure of emitter performance 3.
We found the base current to be quite independent of the measured integrated vields:
although a wide range of values of y;, was obtained [11]. The higher temperatures
have essentially eliminated the major effects of the interfacial layer and also producec
enhanced dopant activation in the aligned polysilicon. The insensitivity of the base cur-
rent to the integrated yield may be explained by the fact that it is dominated by Auger
recombination in the emitter, and the Auger lifetime is so low at such high doping leve:s
that the final quality of the regrown material has little effect on the base current. We
have found that the advantage of using a polysilicon contact to the emitter remains after
the RTA. In addition, the emitter resistance of such devices is expected to be very low.
and less process dependent than for furnace annealed devices.

CONCLUSIONS

For LPCVD polysilicon on (100) silicon, a quantitative analysis of epitaxial qual-
ity and arsenic diffusion into the underlying substrate shows a clear advantage for high
temperature RTA to obtain more complete epitaxial alignment and minimum arsenic
outdiffusion. For 0.5 pum-thick polysilicon films with an average doping of 10! em™3.
the rate of achievement of epitaxial alignment to a channeling integrated yield of 0.065
exceeds that of arsenic penetration into the substrate to a depth of roughly 0.1 um for
temperatures > 1150 °C. The alignment efficiency increases dramatically with chemical
arsenic concentration from 1 to 10 x 10?°° cm™3. An arsenic concentration of 10?° cm™*
vields alignment behavior similar to the undoped case. Between 1 and 5 x10°° ¢m™>. the
grain growth rate exceeds that of alignment, and large grain, highly oriented polycrys-
talline films can result from the RTA. Bipolar transistors fabricated with 0.5 gm-thick
emitter contacts and polysilicon dopings of 1 and 5 x10%° cm™® show less vanation in
base current when subjected to RTA (T > 1100 °C) compared to devices annealed in a
furnace in the 900 to 1000 °C range, while retaining the advantage over metal contacts.
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Abstract

Polysilicon emitter contacts are extremely attractive
{for bipolar transistors, but they sutfer from process sensi-
tivity. Two different approaches are proposed to improve
the reproducibiiity. In the first, rapid thermal annealing is
used to induce complete epitaxial alignment of the polysil-
icon to the substrate. The base current of these devices
cxhibits little dependence on the anneal conditions while
retaining the advantage of polysilicon compared to metal
contacts. In the second approach. the silicon surface is
thermally nitrided prior to polysilicon deposition to form
a very thin nitride interface, and the resulting base cur-
rents are extremeiy low.

Introduction

As bipoiar transistors are scaied laterally and vertically
to increase the speed of operation. the emitter thickness is
reduced to 0.1 um or less and the contact to the emitter
dominates the DC charactenistics. Polysilicon contacts to
tlie emitter provide substantial improvements compared to
conventional metal contacts. The current gain is increased,
and it can be traded-off for a decrease in base resistance to
improve tue switching speed. The morphology of the inter-

facial layer between the polysilicon and the single-crvstal .

silicon critically affects the base current and the emitter re-
sistance of these devices. For high-speed applications. high
polysilicon doping levels and moderate to high anneal tem-
peratures are preferred in order to reduce the emitter re-
sistance by partially breaking up the interfacial oxide (1.2}
The integnity of the interfacial oxide layer is very sensitive
to the process, leading to large variations in base current
and emitter resistance from run to run. Two approaches
to reduce this process sensitivity while maintaining the ad-
vantages of the polysilicon contacts are investigated in this
paper. The first one consists of rapid thermal annealing
{RTA) the polysiliconcontacted devices to eliminate the
interfacial layer and induce epitaxial alignment with the
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substrate. The nature of this recrystallization is discussed
in the pext section, and the resulting transistor charac-
teristics are described in the following one. The second
approach consists of improving the integrity of the inter-
face by growing an extremely thin thermal nitride layer by
rapid nitridation. Bipolar transistors with such emitters
were fabricated and their characteristics are described.

Characterization of aligned polysilicon

The process dependence of the polysilicon epitaxial align-
ment to the substrate was investigated first before tran-
sistor fabrication. Undoped 0.5 um-thick polysilicon films
were deposited in a conventional LPCVD reactor at 620°C.
Prior to loading, the wafers were given a standard RCA
clean followed by an etch in 50:1 HF with no subsequent
rinse.  Arsenic was then implanted to achjeve polysiii-
con average doping concentrations of 1x10°%, 5x10°° and
1 x 10 cm™3.  After low temperature oxide deposition
to form a cap, the wafers were rapid thermal annealed
iRTA) in a tungsten-halogen lamp system with temper-
atures ranging from 1050 to 1130°C and times of 5 to 30
seconds. The regrown films were characterized by MeV ion
channeling, Rutherford backscattering (RBS) and cross-
sectional transmission electron microscopy (XTEM).

The strong effect of arsenic concentration on the mor-
phology of annealed films is illustrated in Figs. 1 and 2.
Fiz. 1 shows the ion channeling spectra and the corre-
sponding XTEM micrographs are given in Fig. 2. Both
fizures are for samples subjected to an 1150 °C anneal for
10 sec. It is clear thit both the grain growth and the
epitaxial alignment rates increase with arsenic concentra-
tion, and that the epitaxial quality is greatly improved tor
N> 5x10%cm=> A good indication of the extent of
alignment is the integrated yield \in defined as the inte
gral of backscattered counts for a (100} aligned spectrum
over the 0.5 um film, divided by the corresponding inte-
gral of the random spectrum. Figs. 1 and 2 illusirate the
correspondance between the spectrum shape. the quantity
\un» and the film morphology as revealed by XTEM. Figs.
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Fig. 1 Backscattering spectra illustrating the strong arsenic

concentration dependence of the epitaxial abgnment of g.4s
um-thick LPCVD, arsenic implanted polysilicon films. Al three
samples were annealed simultaneously at 1150 °C for 10 e

onds. Arsenic concentrations throughout the polysilicon are 1.
5.and 10 x10%° ¢m~3 for samples with ion channeling specira
labeled {a). {b) and ic) respectively. The epitaxial quaity of
the regrown films is greatly improved for N, > 5 x 109 cmn™*

2 (¢ and (d) also illustrate the strong temperature de-
pendence of the alignment process. A quantitative study
of the trade-off between junction depth measured with re-
spect to the original silicon surface and epitaxial alimment
indicates that higher temperatures for very short times are
preferable to lower temperatures and longer times. This
minimizes arsenic outdiffusion and improves the epitaxial
quality (3]

Recrystallized emitters

When the interfacial layer between the polysilicon and
the single crystal is eliminated. the hole storage in the
emitter is of primary concern. The emitter component r,
of the delay 7 = 1/2=fr where {1 is the cutoff frequency
must be minimized. Since 7, is directly proportional to
the Auger recombination lifetime, the emitter doping level
should be as high as possible. An arsenic concentration
above 4x10%° cm~? will satisfy this requirement and. as
discussed previously, will improve the alignment rate. Very
Ligh anneal temperatures are also desirable in this context
to maximize dopant activation.

RTA offers two advantages for the fabrication of hipo
lar transistors: 1t reduces the process sensitivity of the

cuntters as desenbed below. and it iv aleo responable for
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At an arsenic concentration of 1 x 10°° cm™?. the posiiives
1< partially regrown epitaxially from the interface towarce * .
«irfuce. The graded low-energy edge of Fig. 1 {a) correapor o~
to the nonuniform regrowth seen in the TEM ra). lncreasing
the doping 105 x 10°% em~3results in compiete regronth to the
sample surface, with a highly defected laver as seenin .« Tle
corresponding channeling spectra has an integrated y.vid \uu
of 0.10. The same anneal vields compiete epitaxial ai:gnment
fur a sample doped to 1 x 10°! em™3{c). Micrograph +di illus-
trates the decrease in alignment efficiency fora I x 10-1 em™"
samiple annealed at 1100 °C. compared to ¢,

a substantial decrease of the extrinsic base and em:tter re-
sistances as a rest of the higher dopant activation in the
polysilicon (both the polysilicon resistance and the metal-
to-polysilicon contact resistance are reduced) [4.5
Bipolar transistors with 0.5 um-thick polysilicon con-
tacts to the emitters were fabricated. \Wafers received an
HF dip etch ir.mediately before the LPCVD po.ssilicon
deposition, and hence only a native oxide is presewn: at the
intcrface. The wafers were then implanted with doses of
2.5 and 5x10'® cm~? and then capped with LPCV'D ox-
ide to prevent arsenic outdiffusion. The devices were then
annealed by RTA at temperatures of 1100 to 11¢ °C and
times varying between 1 and 30 sec. A Peak Systems ALP-
G000 was employed to take advantage of its extren.eiy fast

temperature rise and fall tiunes.
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Fig. 3 Representative backscattering spectra obtained for polysil-

icon emitters subjected to RTA. The anneal conditions were
chosen to vield a wide range in the extent of epitaxial align-
ment as measured by ion channeling. Spectra (a) and (b) are
{for samples doped to 1 x 10*! em=3 with RTA conditions of
1100 °C for 10 and 30 seconds respectively, and (c) and (d) for
3 % 10%° ¢m~3 with RTA conditions of 1150 °C for 5 and 30 sec.
respectively. The improvement in epitaxial quality with time
at a fixed temperature is illustrated by the drop in the yield for
i) as compared to (d).

The quality of the recrystallized emitter contacts was
analyzed by ion channeling and characterized by the in-
tegrated vield \in. (see Table 1). The values obtained for
\ww in the device run at a given temperature differ slightly
from those described in the previous section; the discrep-
ancy is attributable to small differences in the temperature
calibration of the two RTA systems. The ion channeling
spectra of Fig. 3 indicate that the various RTA condi-
tions produced a wide range of epitaxial alignment quality
among the device wafers: xin varies between 0.11 and 0.96
(Table 1). The emitter profiles were obtained by SIMS,
RBS and spreading resistance. The junction depths with
respect to the original interface are given in Table 1 and
vary between 0.09 and 0.25 um. The integrated charges in
the emitters are also given in Table 1 and were obtained
by Hall effect measurements.

The emitters are characterized by their saturation cur-
rent densities J,. rather than the current gain of the tran-
sistors to eliminate the base dependence. As base recom-
Lination is negligible in these devices, J,, can be extracted
from the ideal component of the base current as illustrated
in Fig. 4. The values of J,. are reported for a tempera-

Sam- Na, RTA e A, DHoil

ple | {em™3) | (°C- sec.) tam) tem™%)

bl 1 x 10 | 1100-10 0.96 0.085 | 1.63 x10'®
L2 |1 x10% | 1100-30 0.81 0.16 | 1.95 x10'¢
nl3 |1 x 10% 1150-5 <055 | 0.11 -

nl4 |1 x10% | 1150-30 | < 0.106 | 0.25 -
b3 |1 x10% 1180-1 0.75 0.090 | 1.87 x10'®

b6 |5 x10%° | 1100-10 | > 0.96 | 0.08 | 1.39 x10'°
b7 |5x10% | 1100-30 | > 081 | 0.14 | 1.50 x10'
bd |5x10%°} 1150-5 0.53 0.08 |1.46 x10'¢
b5 |5 x10% | 1150-30 0.106 | 0.21 |2.14 x10'¢

Table 1 Integrated vield xin, junction depth measured with
respect to the original polysilicon/single crystal silicon interface
X,, and the total emitter charge Opa 3s measured by sheet
Hail effect for device wafers subject to RTA after the emitter
implaat.

ture of 300 K, as a decrease in temperature of oniy 6°C
lcads to a reduction of J,. by a factor of roughly 2.7. All
measurements were performed on devices with large area-
to-perimeter ratios to neglect the perimeter component of
the base current.

The experimental values for J,. are given in Fig. 3
as a function of the anneal conditions and for the two
palysilicon doping levels. Although a wide range of epi-
taxial alignment is obtained, J.. is qute independent of
\um and is rather high compared to optimized polysilicon
emitter contacts (~ 1.5 x 10712 vs. ~ 3 x 107" A /cm).

his is not surprising considering the high anneal tem-
peratures and the high emitter doping levels. The anneal
temperatures are high enough to eliminate the interfacial
oxide layer which blocks hole injection into the polysiiicon.
Joe is dominated by Auger recombination. and the Auger
lifetime is so low at such high doping levels that the final
quality of the recrystallized material is a secondary consid-
eration as far as J,. is concerned. Lower doping levels may
induce a reduction of J,., but the increased hole storage
in the emitter would dramatically degrade the frequency
performance (7. would be the dominant component in the
cquation for f1).

The experimental J,, values are compared to those ob-
tained by simulation for devices contacted by metal and
with identical profiles in the single-crystal part of the emit-
ter under the original interface. The modeling procedure is
the one described in [6] and consists of solving the minonty-
carrier transport equations using the single-crystal emitter
profile. The parameters from {7) are used for the heavy-
doping eflects. The modeling was checked by computing
Joe for a transistor with a metal contact and comparing it
to the experimental value: the two are within 10% of each
other, and no fitting parameter is used in the model. For
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Fig. 4 Transistor collector and base charactenstics silustrating
the extraction of the emitter saturation current density J e fz0m
tle ideal component of the base cusrent.

long anneals such as 1130°C for 30 sec.. the single-cryetal
part of the emitter becomes almost opaque and the con-
tact plays a small role. The advantage of the polysilicon
contacts over metal contacts clearly remains after epitaxial
aliznment by RTA.

Nitrided interfaces

In standard polysilicon emitter contacts, the break-up
of the native oxide at the interface is responsible for the
high process sensitivity of these devices. The integrity of
this interface can be improved by thermally niiriding the
cmitter surface prior to polysilicon deposition. Films 15
to 20 A-thick were obtained by rapid thermal nitridation
{RTN) in an AET ADDAX R1000 Rapid Thermal Pro-
cessor. After a standard RCA clean. the wafers received
an HF dip etch just prior to the nitridation. The ther-
mal nitridations were performed in an ammonia ambicnt
for 30 seconds at either 750 or 900°C. The wafers were
then immediately loaded in an LPCVD reactor for un-
doped polysilicon deposition. Several implant and anncal
conditions followed. The resulting Jo, are shown i Fig.
G. All the devices have pre-implanted emitters (arsenic
implants of 5x10'* em~? annealed for 1 hour at 1000°C

Lefore polysilicon deposition). For comparison, the J,. for

09

Puper = 12

PAS TG X

T TTEFUSED EMTTERS

IOk

1Ty (e
&
1
e e e

[ SRS

[
=

1
b

'
—_— e

ANNEA

Pic. 5 Emitter saturation current density Joe for varnious an-
neal conditions and two polysilicon concentrations. Joe :s fairly
insensitive to the process vanations. ['or companson. we »~Low
simuiated Joe values for devices with WJentical outdiffused emit-
tor profiles but contacted by metal. The advantage over metat
contacts cleariy remains after epitaxial angnment by RTA.

poivsilicon emitter contacts with native oxide interiaces
are also presented.

The interfaces of the devices with polysilicon arsen:c
concentrations of 2x10%% em™3annealed at 1000°C for 1 4
hr. were examined by high resolution transmission elec-
tron microscopy (HREM). The thicknesses of the nitride
interfaces are 17 & and 214 £ 23 for the 730 and 900°C
nitridations respectively. In both cases, no break-up of the
interface is observed, and no alignment of the polisilicon
has taken place although the anncal temperature is high.

The emitter saturation current densities of the nitnide
interfaces are substantially lower than those of native ox-
ide interfaces (Fig. 6). These extremely small vaiues for
J.. indicate that little recombination occurs at the ther-
mally nitrided interfaces. In contrast to oxide interjaces
[6], thicker nitride layers do not improve Jo., and Jo. is
fairly independent of the polysilicon doping level. Con-
trary to native oxide interfaces, a high anneal temperature
reduces Jq.. Low emitter resistances should be obtainable
by decreasing the nitride thickness. This can be achieved
by performing RTN and polysilicon deposition in-situ. 1in-
mediately after an in-situ substrate plasma clean
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. 6 Joe versus process conditions {or devices with different
interface treatments. The upper curves are for native oxige
.t rfaces obtained by performung an HF dip just prior to load-
- wafers into the LPCVD reactor. The jower curves are for
dovices with nitrided interfaces « by rapid thermal nitnidation:

lie nitrided emutters have J > substantialy lower than tie
ratlse OXide emitters.

Conclusion

Two approaches to reduce the process dependence of
poivsilicon emutter contacts while mantaiming their advan-
tages have been explored. In the first one, rapid thermal
annealing ehminates the interfacial layer at the polysilicon-
siicon interface and promotes complete epitaxial align-
ment of the polvalicon. The base current exhibits little
dependence on process conditions and the emitter ress-
tance should be very low. Tle second approach consists
of improving the integrity of the interfacial layer by grow-
ing an extremely thin thermal mtride laver. This film 1s
1ot degraded by anneal temperatures as high as 1000°C.
and the emitter saturation current densities are as Jow as
Gx10°" A/em?, almost an order of magnitude lower than

i1 native oxide interfaces.
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Limited reaction processing: Growth of llI-V epitaxial layers by rapid thermal
metalorganic chemical vapor depaosition

S. Reynolds, D. W. Vook, and J. F. Gibbons

Stanford Uniwersity Electronics Laboratories, McCullough 226. Stanford. California 94305
(Recerved 6 October 1986; accepted for publication 28 October 1986)

We have demonstrated a new technique for I11-V epitaxial layer growth combining rapid
thermal processing and metalorganic chemical vapor deposition. This technique vields
enhanced layer thickness control and abrupt interfaces while maintaining a high growth rate
(>10 A/s). Multilayer structures have been grown with smooth, featureless surfaces and good
electrical quality (N, = 2% 10'°cm "%, z, = 3000 cm’/V s) using trimethylarsenic and

tnmethylgaihum.

The recent interest in GaAs and related I11-V matenals
has been stimulated by the development of epitaxial growth
techniques which yield materials of both good crystal and
electrnical quality along with tight control over layer thick-
ness and interface abruptness. One of these techniques, me-
talorganic chemical vapor deposition (MOCVD), produces
abrupt interfaces using elaborate and costly gas switching
systems along with reduced reactor pressure. Recently, a
new method of layer control has been demonstrated by Gib-
bons et al. for high quality thin layer growth of silicon layers
with abrupt interfaces. "~ This method, limited reaction pro-
cessing (LRP), uses rapid precise changes in the substrate
temperature to switch layer growth on and off rather than
relying on gas phase switching.

We report rapid thermal switched growth of GaAs epi-
taxial layers. We have extended this technique with equal
success to Al,Ga, ,As (0<x<0.25) and In, Ga, | As
(0 <y <0.03). all on GaAs substrates. Good electrical char-
actenstics and surface morphology. featureless to within the
resolution of our Nomarski microscope (1100~ ), have been
consistently obtained. In contrast to standard MOCVD. this
techmque maintains a high growth rate (10 A/s) at atmo-
sphenic pressure while producing abrupt interfaces.

Lavers were grown using trimethylarsemic. trimethyl-
gallium, trimethylaluminum, and triethvlindium, all pur-
chased from Alfa Products (Danvers, MA ). Substrates, un-
doped and Si doped (100) Czochraiski, were degreased and
given a 5:1:1 H.SO,:H.0.:H.O etch pnor to loading. Opti-
mum layers were grown at 670-720°C with 3.5 1/mun of

total H, flow and a trimethylarsenic partial pressure of about
0.5 Torr. GaAs layers have n-type background doping
(2%10"™ em <N, <1%x10"7 em™ ") and mobilities of
25003000 cm*/V s at room temperature. We believe the
high backgrounds are due to impurity incorporation from
the trimethylarsenic, as has been reported by others. Tn-
methylarsenic was selected on the basis of safety; it 1s known
that arsine produces much higher purity films.

Ourreactor design 1s shown in Fig. 1. Since layer switch-
ing is now done thermally, it is possible to use a simplified
gas control system. The wafer sitson a thin (20 mil) graphite
susceptor heated from the underside by a bank of high power
tungsten halogen lamps. as in a rapid thermal annealer.
Temperature is measured with a thermocouple inserted
down a 2-mm-o.d. sealed quartz tube in contact with the
susceptor. For initial calibration an additional thermocou-
pleis welded to the sample® and the relatonship between the
wafer temperature and the inserted thermocouple is estab-
lished. The graphite susceptor is used for temperature mea-
surement only; we believe that supporting the sampie on
quartz pins alone and measuring temperature with an opti-
cal pyrometer would improve this technioue by reducing
thermal nse and fall times.

In rapid thermal MOCVD gas flows are initiated and
stabilized while the wafer is cool. The growth of epitaxial
layers is initiated by pulsing the lamps and bringing the wa-
fer rapidly to growth temperature. At the end of each laver
the lamps are shut off, the wafer cools rapidly toward room
temperature, and the reaction is halted. The cooling rate is
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F)rl \ / 20 mul Graphue
Vj \&_ FIG 1 Schematic drawing of the quanz reac-
Reactive  tion chamber used in our expenments. The
2 Gases wafer sits on a low thermal mass graphite sus-
'// ceptor and temperature 1s monitored by a
%J thermocouple sheathed in a 2-mm-o d quartz
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¢nhunced by cooling the walls of the guartz reaction
chamber with a high flow of compressed air, switched on at
the termination of Javer growth. Hea* vconducts rapidiy away
from the wafer through the hyvdrogen carrier gas. Rise and
tall times are on the order of 10s. Any desired structure may
be zrown by asequence of these steps. as shownan Fig 2 fora
GaAssAlL Ga | As mululaser structure Note that the
GaAs s grown at 670 °C and the AlGaAs at T20°C We
found these temperatures pave the best mobiity and surfuce
murphology for single lavers of each material

One of our early concerns was that poor matertal would
be grown dunng the cool down period. creating defects in
the growth of subsequent lasvers Test structures consisting
of multiple lavers of GaAs or alternating lavers of GaAs.
AlGaAs (3-11 lavers. S00-2500 A laver thickness) have
been grown by a sequence of rapid thermal cycles. These
structures have excellent surface morphology and electrical
charactenstics, equivalent to single layers grown by conven-
tonal MOCVD in our reactor. Such test structures have
been analyzed by Rutherford backscattering and 1on chan-
nehing, showing no evidence of crystal defects at the inter-
taces. Mimimum yields are about 4.0, the same as bare
GuaAs wafers. Rutherford backscattering detects only gross
crystal defects; more sensitive tests of interface quality aren
progress, including device fabrication and high resolution
transmission electron microscopy.

An Auger depth profile of a GaAs/Al, , Ga,, . As mul-
tlayer structure grown by this technique 1s shownin Fig 3
Layers are abrupt to within the resolution of Auger (50-60
A). The total thickness of this structure 1s about 6000 A
Because gases are completely purged between layers. we be-
leve this techmque 1s capable of atomically abrupt inter-
faces.

In conclusion. we have demonstrated ramd thermal
MOCVD by growing multiple lavers of high quahty 11V

62

compound semniconductors. These layvers exhibit electrical
characteristics and surface morphology equivalent to lavers
produced by traditional MOCV D in our reactor. The rapid
thermal MOCVD technique promises abrupt interfaces and
thin layers combined with high growth rates.

We would hke to acknowledge the technical assistance
of K. E. Wilhams and helpful discussions with D. Houng of
Hewlett-Packard Luboratonies, C. P. Kuo of Hew lett-Pack-
ard Optoelectronies Division, and H. Beneking of Aachen
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Growth of GaAs by metalorganic chemical vapor deposition using thermally

decomposed trimethylarsenic
D. W. Vook. S. Reynolds. andJ F. Gibbons

Stantord Uniwcersuy Electromcs Laboratories. Mo Culiough 226, Stanford. Calitornig 94303

(Received 12 January 1987 accepted for publication {3 March 1987)

We have developed a novel thermal precraching technique which has improved the electrical
quahity of GaAs grown using trimethylarsenic. while maintaining excellent surface
morphology. Background doping is reduced by a factor of 5, and carbon incorporaton s
reduced by a factor of 10 or more. This method may prove useful for reducing carbon
incorporation from other organometallic arsenic sources as well. Net background doping
below 10°* ¢m -~ * and room-temperature ¢lectron mobilities of $000-34500 cm*/V s have been
obtained. These are the best values reported for GaAs grown using trimethylarsenic.

One of the pnincipal disadvantages of using metalor-
same chemical vapor deposition (MOCVD) to depostt
GaA-s s the need to handle toxie arsine gas. Liquid organo-
metallic sources for arsemic, less toxic than arsine. have been
naiiable for several vears. Untortunately. GaAs grown with
these sources has had relatively high background aeping
We present a method using thermal precracking toimprove

e ciectricai quality of GaAs grown with inmethy iarsenie
~TMAS). We believe this techmigue wall be applicable to
sther organometallic arsenic sources as well.

This study was undertaken because of our reluctance 1o
use arsine gas in the laboratory. TMAs was sefected as
readily available alternative. but we were unable to grow
~uticiently pure GaAs for our purposes. Seconduary 100 miss
spectrometry (SIMS T of GaAs grown using TMAsrevealed
+ chermical concentration of carbon exceeding [0 7 cm
with no other p-ty pe dopants present 151and S contents were
aiso high). Presuming that some of the carbon came trom
methyl groups on the TMAN we sought (o reduce it by pre-
craching the TMAS

A schemane drawing of our apparatus with ihe pre-
cracking chamber 1s shown m Fig 1 The reactor s heated
asing unfocused tungsten halogzen lamps, so that the entire
chamber 1s flooded with intense infrared and visible hight
This mimimizes condensation of elemental arsemc on the
coolquartz walls. TMAs and timethylgathum ¢ TMGas are
infected into the chamber through separate ports, preventing
upstream GaAs depostion. TMAS wath hydrogen carrnier
2as flows in a convoluted path through a set of graphite bat-
fles before mixig with TMGa in a cool section of the reac-
tor. The temperature of the precracking chamber 15 800~
900 °C. The sample sits on a graphite susceptor and the tem-
perature is controiled within - 2 °C.

Undoped (100) GaAs wafers were degreased and
ctched in 5:1:1 H.SO,:H.0.:H.0 pnor to foading. All sam-
ples were annealed for 5 min at 700 °C in flowing TMAs
immediately prior to growth. Epitaxial layers were grown at
atmospheric pressure with 3.5 [/min of total H. flow in a 40-
mm-diam reaction tube. Temperatcres ranged from 600 to
700 °C. with a growth rate of 2.5 um/h. Layer thicknesses
ranged from 0.6 to 3.0 um.

The samples were smooth, specular, and featurcless
when viewed under our Nomarski microscope. Lasers

04

grown at 600 °C using the thermal precracker showed pyra-
muidal hillocks, with increasing density for higher TMAs
flows. There were virtually no visible defects over the tem-
perature range from 625 to T00 *Cat V-1 ranos of o or Jess
Higher V/ 111 ratios were not tried and would probably not
be advantageous because of the increased deposition of ar-
senic on the reactor walls.

Twoaferentiots of ThMAs were used in tius study. potn
purchased from Alfa Products (Danvers. MA)y. The manu-
facturer's analysis of ot AP-indicated 3 ppm S along with
S. Se. and Ge present. Lot AP-2 was much cleaner. with
impunties befow detectability. Lavers grown without the
precracker using lot AP-1 had n-type background deoping of
SL10722 ¢ 100 em Cand mobihines up to 3000 em” Vs,
as shown m Fig 20 Lot AP-2 produced lavers with p-tape
hackgrounds of 3. [0"-5 . (0" em © Using the thermul
prcl;r,lckcr, optimum lavers were grown at lower temperas-
tures with a lower VT rane. as shownan Fig 20 We ob-
wrived a significant increase m electron mobihty and o de-
crease i background doping, Both Lot of TMAS now pro-
duced n-type material. Wath an epumum VI rana
hetween 1S und Yand a growth temperature of 080 °Cloelec-
tron mobihties were 4000234500 cm- Vs and background
doptng was about 107" ¢m Causing ot AP-2).

Bachground doping with the thermal precracker was
found to be very neariy proportional to the TMAS low e
Fig. 33 This suggests that the #-type background is due o
impurnities onginating in the TMAs source. The bachground
doping had a weak temperature Jdependence. mncreasing

Turgsten Haogen LA~ ps

FIG | Schematic drawing of the reactor, including the thermal precrack-
g chamber TMASC and TMGu each m "
through separate ports and nuvn g ool area of the reactor

Ay Nessmtad
Carnier gas, are mpected
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shightls with higher growth temperatures A drop in the net
background  dopimg  (frem N, =S 107 m ¢ 1o
Moz 10" em ot using AP-2) combined with mereased
mobtility when the thermal precracker 18 used indicates a
reductionn electricaily active carbon Untortunately, mea-
sured 77 K mobihities of about T000 ¢cm- /V < show that the
muatertal s sull compensated

SIMS results on samples grown with the precracker
show carbon incorporation reduced below the SIMS back-
ground level ¢S+ 10" cm "1 Sy present at about 10"
cm ‘and Satabout S [0 em ¢

Wesuspect that the convoluted design of the precracher
and the high iemperatuies emploved fuiiy decompose the
TMAs, yielding As, at the extt of the precracking chamber.
Unhghted areas of the reactor downstream of the precrack-
ing chamber receive heavy arsenic deposition. One would
then expect our results to be simular 1o those of Bhat.* who
used asolid As source to grow GaAs by MOCVD. However,
Bhat observed rough surtace morphology for all growth con-
dinions, a probiem we have not encountered. 1t appears that
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the use of As; as an active spectes does not alone contribute
to poor surface morphology. In Bhat's reactor it was neges-
sary to heat the upstream walls of the chamber 1o prevens
An, vondessation. The hot chamber walls may have causes
prenceleanion of GaAs

Inconciunion. we bave used thermal precracking to .-
prove the electnical Guabiny of GaAs grown using TN A
Because backeround doping s sull proportional 1o T A
fiow, this packzreund meght be improsed by turther purin-
catien of the TMAS butonly o a point. Mobility measure-
ments at 77 Kondicate a igh degree of compensation, in-
plying that carbon incorporation is stll o high It appeans
that lack of active H i the As species used for grow:iom-
creases Cancorporation, 1n agreement with the model of
Kuech and Veuhoff.” The thermal precracking technigue
may prove generaliv usetul for other organometalic arsemic
sources, such as diethylarsine, i1t allowed € chiains io be
selectively removed from the precursor molecule.
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LIMITED REACTION PROCESSING: GROWTH OF III-V EPITAXIAL LAYERS
BY RAPID THERMAL METALORGANIC CHEMICAL VAPOR DEPOSITION

S. Reynolds. D.W. Vook, J.F. Gibbons
Stanford University Electronics Laboratories, McCullough 226, Stanford. CA 94305

ABSTRACT

Rapid thermal processing (RTP) has been applied to improve the versatility of met-
alorganic chemical vapor deposition (MOCVD). We have demonstrated a new pulsed
growth method which vields enhanced layer thickness control and abrupt interfaces (2-
4 atomic layers) while maintaining a high growth rate (10A/sec). In this technique,
substrate temperature is used as a switch to control the growth of epitaxial layers.

The unfocused tungsten halogen lamps used in RTP have also facilitated a novel ther-
mal precracking technique, producing the best GaAs ever grown using trimethylarsenic
(TMAs). Background doping is reduced by a factor of 5, and carbon incorporation is
reduced by a factor of 10 or more. Net background doping below 10'®¢m~2 and room
temperature electron mobilities of 4000 to 4500 cm?/V - sec have been obtained.

INTRODUCTION
Limited Reaction Processing (LRP), developed by J.F.Gibbons et. al. {1-3]. uses
rapid precise clianiges in substrate temperature as a switch to control laver growth, rather

than utilizing gas phase switching. It was first applied to produce thin abrupi silicon
epitaxial layers and has been extended to include Si/SiGe heterostructures. Using this
technique we have produced GaAs epitaxial layers with interface abruptness comparable
to MBE. and have studied the quality of these thermally interrupted growth interfaces.
During our work on the pulsed growth of GaAs. we discovered RTP technology has
two advantages for III-\" epitaxy; not only does the fast temperature response give an ad-
ditional element of control over the process. but the unfocused lamps enable cleaner cold
wall operation. These applications are discussed individually in the next two sections.
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Figure 1: Schematic drawing of the quartz reaction chamber used in our experiments.
The wafer sits on a low thermal mass graphite susceptor and temperature is monitored
by a thermocouple sheathed in a 2 mm outer diameter quartz tube.

PULSED GROWTH OF GaAs

Our reactor design is shown in figure 1. The wafer sits on a thin (20 mil) graphite
susceptor heated from the underside by a bank of high power tungsten halogen lamps,
as in a rapid thermal anneaier. Tenipcrature is measnred with a thermocouple inserted
down a 2 mm outer diameter sealed quartz tube in contact with the susceptor. For

66




o

e

etpeanstizenttongugt.

e p—

Paper # 15
Growth Growth Growth Growth
of GaAs ot AIGaAs ot GaAs  of AlGaAs
Cycle inmal Arcomic Eptaxial  Ep:tanal Epranial Epdaxial
Purge Bare Layer Layer Layer Layer
1
' ' bt ] b ]
Water
Temp
VSCCM [ ——————————~—— == S
TMGa [ }
Flow ot — e
Rl A W AU
THIAL 0[ __________
Flow

70 SCCM [ ——~
TtAS [ ’
Flow ol e

Tumne (in minutes)

Figure 2: LRP process timing diagram showing how layers are grown by pulsing the
wafer temperature in the presence of the correct reactive gases.

initial calibration an additional thermocouple is welded to the sample and the relation-
ship between the wafer temperature and the inserted thermocouple is established. The
graphite susceptor is used to measure temperature and to reduce shp.

Layers were grown using trimethylarsenic, trimethylgallium, trimethylaluminum. and
trimethylindium, all purchased from Alfa Products (Danvers. Mass.). GaAs substrates.
undoped and Si doped (100) Czochralski, were degreased and given a 5:1:1 H,S0, :
H,0, : H,O etch prior to loading. Optimum layers were grown at 670 to 720°C with
3.5 liter/min of total H; flow, a trimethylarsenic partial pressure of about 0.5 torr. and a
growth rate of 2 =3 um/hr. Al,Ca;_,As (0 < x < 1) layers were smooth and featureless
to within the resolution of our Normarski microscope (1100X). In,Ga,_yAs (0 < v <
.22) layers showed a crosshatch pattern characteristic of lattice mismatched epitaxial
systems. GaAs layers typically had n-type backround doping of 2 x 10'® em™® < N3 <
1 x 107 ¢cm~2 and mobilities of 2500 to 3000 cm?/V - sec at room temperature, although
the background doping varied with TMAs source. We believe the high backrounds are
due to impurity incorporation from the trimethylarsenic. as has been reported by others
[4.7). Trimethylarsenic was selected on the basis of safety; arsine is known to produce
much higher purity films.

In rapid thermal MOCVD gas flows are initiated and stabilized while the wafer is
cool. The growth of epitaxial layers is initiated by pulsing the lamps and bringing the
wafer rapidly to growth temperature. At the end of each layer the lamps are shut off. the
wafer cools rapidly toward room temperature, and the reaction is halted. The cooling
rate is enhanced by cooling the walls of the quartz reaction chamber with a high flow of
compressed air, switched on at the termination of layer growth. Heat conducts rapidly
away from the wafer through the hydrogen carrier gas. Rise and fall times are on the
order of ten seconds. Any desired structure may be grown by a sequence of these steps.
as shown in figure 2 for a GaAs/AliGa,_.As multilayer structure. Note that the GaAs
is grown at 670°C and the AlGaAs at 720°C. We found these temperatures gave the
best mobility and surface morphology for single layers of cach matenal.

One of our early concerns was that poor material would be grown during the cool
down period, creatihg defects in the growth of subsequent layers. Test structures consist-
ing of multiple lavers of GaAs or aitciuating lavers of GaA</AL Gay_,As (3 to 11 lavers.
500 A to 2300 & layer thickness) have been grown by a sequence of rapid thermal cycles.
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Figure 3: High resolution TEM Figure 4: Carrier concentration versus depth for

image of an AlAs-GaAs superlat- a multiple layer GaAs structure, extracted from

tice. The light layers are AlAs, es- C-V measurements. This structure has a total of

timated to be 1804 thick. G_Iayers, although only 2 of them appear in thic
plot.

These structures have excellent surface morphology, and the sheet carrier concentrations
and Hall mobilities are equivalent to single layers grown by conventional MOCVD in
our reactor. Such test structures have been analyzed by Rutherford backscattering and
ion channeling, showing minimum yvields of about 4.0%, the same as bare GaAs wafers.
Within the resolution of RBS, there are no crystal defects at the interfaces.

Figure 3 shows a lattice image TEM photograph of a GaAs-AlAs superlattice. The
transition between the layers occurs within 2 to 4 atomic planes, making the abruptness
of this structure equivalent to MBE grown matenal. Because gases are completely purged
between successive layers, we believe that this technique is capable of atomically abrupt
interfaces. There are defects present z¢ one interface which we speculate to be oxide
inciusions in the AlAs (pure AlAs is very oxyvgen reactive). The interface at which AlAs
is grown on GaAs does not display such defects. These defects are probably not inherent
to the pulsed growth process.

We have also made capacitance voltage (C-V) measurements on multiple layer struc-
tures of GaAs, by reverse biasing a Schottky diode fabricated on the surface. These
layers were grown by flowing TMAs, TMGa, and SiH,4 continuously, but pulsing the
lamps through 6 cycles to grow 6 individual layers. Figure 4 is a plot of carrier concen-
tration versus depth extracted from these measurements, revealing large peaks in carrier
concentration at regular depths from the surface. The peaks correspond to a sheet car-
rier density of about 2.7 x 10''cm~2. However, it is not clear whether these peaks are
a true profile caused by a sheet of shallow donors (Si pile up at each interface) or a
measurement artifact caused by the release of electrons from deep interface states. Sim-
ilar C-V profiles have been observed for growth interrupted interfaces in MBE [5,6]. We
will perform depth profiling by Secondary lon Mass Spectrometry (SIMS) to see if there
are interface impurity peaks corresponding to the C-V peaks. This should distinguish
impurity pile up from deep interface states.

These preliminary C-V results indicate that our pulsed growth technique for GaAs
generates electrically active interface states or dopant pile up, which may be dependent
on the growth conditions. We are planning experiments to explore the effect of ther-
mal ramp times on interface quality. Since other paused growth techniques in MBE
and MOCVD have been observed to generate interface states, this may be a general
characteristic of the GaAs systein.
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Figure 5: Schematic drawing of the modified reactor, including the thermal precracking
chamber. TAMAs and TMGa, each in H, carrier gas, are injected through separate por's
and mix in a cool area of the reactor.

THERMAL DECOMPOSITION OF TRIMETHYLARSENIC

With minor modification to our lamp heated reactor, we have developed a novei
thermal precracking technique which has improved the electrical quality of GaAs grown
with TMAs. Excellent surface morphology is maintained. while background doping is
reduced by a factor of 5. and carbon incorporation is reduced by a factor of 10 or more.
Net background doping below 10'®¢cm™3 and room temperature electron mobilities of
4000 to 4500 cm?®/v -sec have been obtained. These are the best values reported for
GaAs using trimethylarsenic.

This study was undertaken because of our reluctance to use arsine gas in the lab-
oratory. TMAs was selected as a readily available alternative, but we were unable to
grow sufficiently pure GaAs for our purposes. Other researchers using TMAs have also
observed this relatively high background doping [4.7]. Secondary lon Mass Spectrom-
etry (SIMS) of GaAs grown using TMAs revealed a chemical concentration of carbon
exceeding 10'%cm~3, with no other p-type dopants present (Si and S content were also
high). Presuming that some of the carbon came from methyl groups on the TMAs. we
sought to reduce it by precracking the TMAs.

A schematic drawing of our modified apparatus with the precracking chamber is
shown in figure 5. The reactor is heated using unfocused tungsten halogen lamps. so
that the entire chamber is flooded with intense infrared and visible light. This minimizes
condensation of elemental arsenic on the cool quartz walls. TMAs and trimethylgallium
(TMGa) are injected into the chamber through separate ports, preventing upstream
GaAs deposition. TMAs with hydrogen carrier gas flows in a convoluted path through
a set of graphite baffles before mixing with TMGa in a cool section of the reactor. The
temperature of the precracking chamber is 800 to 900°C. The sample sits on a graphite
susceptor and the temperature is controlled within £2°C.

GaAs wafers (100) were cleaned as before, loaded, and then annealed for 5 minutes at
700°C in flowing TMAs immediately prior to growth. In these experiments the growth
of epitaxial layers was begun by introducing TMGa flow, as in conventional MOCVD.
Growth temperatures ranged from 600 to 700°C. The surfaces were smooth, specular,
and generally featureless when viewed under our Normarski microscope. Layers grown at
600°C using the thermal precracker showed pyramidal hillocks, with increasing density
for higher TMAs flows. There were virtually no visible defects over the temperature
range from 625 to 700°C at V/III ratios of G or less. Higher V/III ratios were not tried
and would probably not be advantageous because of the increased deposition of arsenic
on the reactor walls.

Two different lots of TMAs were used in this study, both purchased from Alfa Prod-
wets (Danvers, Mass.). The manufacturer’s analysis of lot AP-1 indicated 3 ppm Si,
along with S, Se, and Ge present. Lot AP-2 was much cleaner, with impurities below
detectability. Lavers grown without the precracker using lot AP-1 had n-type back-
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Figure 6: GaAs electron mobility as a function of (a) growth temperature and (b
IMAs/'IMGa ratio. With no precracker, using lot AP-1, optimum layers were grown
at 670°C with TMAs/TMGa =~ 6.5. With the precracker. the best layers were grown
at 6/50°C with TMAs/TMGa between 1.5 and 3. In all cases, the growth rate was 2.5
im/hr.

ground doping of 5 x 10'%cm™3 to 2 x 10'"cm™2 and mobilities up to 3000 cm?*/\V - sec. as
shown in figure 6. Lot AP-2 produced layers with p-type backgrounds of 3 x 10'®cm™?
to 5 x 10'®cm™3. Using the thermal precracker, optimum layers were grown at lower
temperatures with a lower V/III ratio. as shown in figure 6. We observed a significant
increase in electron mobility and a decrease in background doping. Both lots of T3 As
now produced n-type material. With an optimum V/III ratio between 1.5 and 3 and
a growth temperature of 630°C, electron mobilities were 4000 to 4500 cm?/V - sec and
background doping was about 10'®cm™3 (using lot AP-2).

Background doping with the thermal precracker was found to be very nearly pro-
portional to the TMAs flow (see figure 7). This suggests that the n-type background is
due to impurities originating in the TAAs source. The background doping had a wcak
temperature dependence, increasing slightly with higher growth temperatures. A drop
in the net background doping (from N, = 5 x 10*°cm™3 to Ng &= 1 x 10"°cm™3 using
AP-2) combined with increased mobility when the thermal precracker is used indicates a
reduction in electrically active carbon. Unfortunately, measured 77IX mobilities of about
7000 cm?/V - sec (on 3 pum thick layers) suggest that the material is still compensated
(8]-

SIMS results on samples grown with the precracker show carbon incorporation re-
duced below the SIMS background level (5 x 10'®cm™3). Si is present at about 10'®cm=3
and S at about 5 x 10'%cm™3.

We suspect that the convoluted design of the precracker #nd the high temperatures
employed fully decompose the TMAs, yielding As, at the exit of the precracking chamber.
Unlighted areas of the reactor downstream of the precracking chamber receive heavy
arsenic deposition. One would then expect our results to be similar to those of Bhat
[9], who used a solid As source to grow GaAs by NIOCVD. However, Bhat observed
rough surface morphology for all growth conditions, a problem we have not encountered.
It appears that the use of Asy as an active species does not alone contribute to poor
surface morphology. In Bhat’s reactor it was necessary to heat the upstrcam walls of
the chamber to prevent Asg condensation. The hot chamber walls may have caused
pre-nucleation of GaAs.
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We have applied rapid thermal processing to improve the versatility of conventional
MOCVD. Multiple layers of high quality III-V conipound semiconductors have been
grown using a thermally pulsed growth technique (LRP). These layers have surfzce
morphology and Hall mobility equivalent to layers produced by conventional MOC\'D
in our reactor. Abrupt interfaces, with transition widths of 2 to 4 atomic layers. have
been obtained at atmospheric pressure using high growth rates (3uym/hr ~ 104 /sec!.
There remain potential problems with interface state density which we are investigating.

The unfocused tungsten halogen lamps have also facilitated a novel thermal pre-
cracking technique, producing the best GaAs ever grown using trimethylarsenic (TMAs).
Background doping and carbon incorporation are substantially reduced. and room tem-
perature electron mobilities up to 4500 cm*/V - sec are obtained. This material is still
not equivalent to that grown using AsHj, but the technique is promising for use at low
pressure or with other organometallic arsenic sources.

We would like to acknowledge the support of J. Zavada at the Army Research Office
and D.A. Reynolds at the Defense Advanced Research Projects Agency. S. Reynoids
acknowledges the support of an Office of Naval Research Fellowship.
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ABSTRACT
Limited Reaction Processing (LRP) is a new technique which combines

Rapid Thermal Processing (RTP) and Chemical Vapor Deposition (CVD).
The added temperature control provided in rapid thermal processiug enables

the use of substrate temperature as a reaction switch. In addition,
rapid thermal technology has been shown to provide other advantages
for chemical vapor deposition of Si and III-V materials. Results are
presented for group IV materials including epitaxial Si, SiGe allovs,
§i0»>, and polysilicon. MOSFETs have been demonstrated and sensitive
tests of interface quality are presented, paving the way for future
bipoliar trausistor £fabrication. ITI-V materials such as GaAs, AlGaas,
InGaAs have been grown. GaAs electron modbilities are the best reported
for material grown using trimethyvlarsenic. As-ambient rapid thermal

anneals of GaAs have also been performed.

INTRODUCTION

For a variety of device applications, it 1is becoming desirable
to grow thinner, more abrupt lavers of semiconductors and insulators.
Future devices will require cleaner interfaces and fewer particles.
We especially want the epitaxial layvers to be of good quality, with
the highest possible carrier lifetime and mobility. LRP is an improvement
over conventional CVD because it provides an additional element of control

over the process. Rapid changes in substrate temperature can be made
if needed. Temperature is actually used as the reaction switch in all
the silicon work and much of the III-V work. Thermal exposure of the

substrate can be reduced, and multiple lavers of different materials
can be grown in the same chamber.

Group IV Materials

Over the past two years, limited reaction processing has been used
to grow group IV structures with three primary advantages:

1. minimum thermal exposure of the substrate (abrupt interfaces)

2. ultrathin layer capability (100 &)

3. ir-situ multilayer processing for high purity interfaces
Many test and device structures have ULeen grown which demonstrate these
capabilities and verify intralayer and silicon/oxide interface quality
[1-10)]. Recently we have investigated the structure and purity of semi-
conductor/semiconductor interfaces. LRP inherently presents two potential
problems for the growth of any multilayer structure:

° non-optimum deposition during the thermal transients
contamination at the interrupted growth interface
For example, during the deposition of an LRP epitaxial 5i laver, :zome
amorphous or polvcrystalline material may deposit on the substrate during

o
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the initial thermal transient, potentiallv nucleatinz defects. Deposit:zn
during the cooling transient mav disrupt the crvstalline template I:-
the growth of a subsequent epitaxial laver. In addition, an 1inheren:

part of anv LRP multilaver structure is an interrupted growth interizce.
The wafer is cooled after the first laver growth, zases are purged ~u-
of the chamber, and then the gases for the next laver are :(ntroducez.

Juring this gas switching staze, the cool, bare silicon surface =a-
getter impurities from the gas stream which could nucleate defects :n
the next laver. we thus investigated the puritv and structure of the

interrupted growth interface.

Structure

The structure of LRP semiconductor interfaces can be viewed directiv

using high magnification cross-section TEM. Si/SiGe superlattices are
convenient to analvze because the contrast between the lavers provides
an interface marker. Figure 1 shows a TEM image of such an interface.
The rows of dots show no distortion across the interrupted growt:
interface, indicating excellent atomic alignment. However, since TZI!
analvzes a verv small portion of the sample, a more sensitive test o
interface structure was conducted. Multiple layers of Si epi were grown

by simplv flowing a mixture of SiH»Clr in Hy during five or more LR?
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Figure 1. High magnificaiion c¢ross-scction TEM of port of am 732
51'Sip gGeq, ] superlattice. The allov laver is commensurate ar:
the alignment of atomic planes across the interrupted growth interiac.
1s excellent. -
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thermal pulses. This "mult:pulse" test sample was grown to provide
4 structure with properties :zominated by the qualitv of the interrupted
growth intertace. Wright e:ching was performed (45-90 seconds), and
the sample was analyzed for =2tch pits using a Nomarski microscope and
an SEM. Early samples tvr::zally contained 100-1000 dislocations and
hillocks per cm~, but recex:lv, byv optimizing growth conditions and
sample handling, we have :rown multipulse structures which appear
featureless afrer defect etching. Thus, using our ramp and growth rates

(300-400°C/sec, 0.1-02 pm/m:a, respectivelv), the two factors which
govern the amount of deposizion during LRP thermal transients, we have
obtained epitaxial, low-defec: interrupted growth interfaces.

Purity

The multipulse test sazples were also used to probe the purity
of LRP interfaces. No evidence of Ca, K, Na, Al, or Cu was found to
the sensitivity of SIMS ana.vsis, about 1016 atoms/cm3. Surprisingly,
as shown in Figure 2, even for an interrupted growth duration of 5
minutes, SIMS revealed no :iaterfacial carbon or oxvgen contamination

to a sensitivity of about .-5x10l7 atoms/cm3 for oxvgen and 5-9x10%°
atoms/cm3 for carbon. One would expect that residual oxvgen and water
in the gas (probably around . ppm) would oxidize the cool, free silicon
surface which exists during the interrupted growth portion of an LRP
cyele {11]. We offer three pcssible explanations for the SIMS data:

1. Oxide contamination exists, but it is below the SIMS

detectability 1limit or less that the oxvgen level dissolved
in the silicon.
2. The oxide is desorded during the ramp up transient for the
growth of the next laver.
3. The epi gases mav provide an in-situ gettering effect to
drastically reduce the amount of contaminants near the wafer.
These possible explanations are under further investigation. Verv recent
results indicate we can obtain Si-Si and Si-SiGe interfaces with
undetectable carton and oxvgen for growth temperatures as low as 900°C.
DLTS was also used to analyze the multipulse samples for metallic
contamination to a more sensitive level. Figure 3 shows essentially
featureless DLTS spectra, indicating that less than about 10il metal
traps/cm3 (hole or electron) exist within the bulk or at the interfaces

of LRP Si epilayers. These results were corroborated by photocurrent
decay measurements which measure the minority carrier recombination
lifetime. The multipulse samples shown in Figure 3 exhibited lifetimes

in the range of 30-80 us, compared to Czochralski silicon control
substrates which yielded about 10 us using the same apparatus.

In summary, the structure and purity of LRP Si »>r SiGe interrupted
growth interfaces appear to be excellent. Traditionally, ion implantation
and diffusion have been used, in part, to bury sensitive device interfaces
in bulk material where good structure and purity is usually assured.
The LRP technique offers the possibility of growing multiple device
interfaces, thus allowing us to use the excellent -layer thickness and
doping control of the technique to define device geometry and add new
versatility for improving device performance.

LIMITED REACTION PROCESSING FOR III-V MATERIALS

In this section we report on the thermally switched growth of

epitaxial GaAs and related compounds. We have used the technique to

grow lavere of Al Ca;_ As (0<x<1) and In,Gay-.As (0<y<.22) with good

electrical characteristics and surface morphology. LRP maintains a
4
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Figure 3. Deep level transient spectra of two LRP multipulse samples.
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high growth rate {(2-3 um/hour) at atmospheric pressure, while producinz
abrupt interfaces in multilaver structures. Interface widths of 2--
atomic lavers have been measured using lattice image TIM. we have also
used our reactor tO perform As-ambient rapid thermal annealing, wizh

encouraging preliminary results.

Considerations in III-V Epitaxv

The growth of GaAs has important practical differences from Si
growth--differences which aifect the LRP process as well as our reactor
design. One difference is the need to provide an As overpressure whenever

the wafer temperature 1is above 450°C, to preveat Gaas surface
decomposition. The need for a certain minimum As pressure also sets
limits on the total growth pressure. (All the work reported here is

atmospheric pressure, although we have grown GaAs as low as 10 Torr.)
In addition, GaAs 1s best grown in the mass transport limited regime,

so that uniform laminar flow must be established in the reactor. These
pressure and flow constraints argue for a substantially different reactor
design than is used for Si work. Qur design, shown in Figure &, is

similar to a conventional MOCVD reactor but has much lower thermal mass
for the susceptor.
Despite operation in the mass transport regime, temperature control

is important for high quality epi. Our studies show that the highest
electron mobilities are obtained within a #15°C temperature window [12}.
In addition, dopant incorporation 1is a strong function of growth
temperature. Temperature control 1is made difficult because Asy, and

GaAs deposit on the reactor walls, attenuating or reflecting the lamp
power. Closed loop temperature control with a thermocouple in the chamber

N

{Lut 1ot eapused Lo redceilve gases/! 1s nece

33&rY. The wuse of a thin
graphite susceptor gives reasonably fast temperature sensing while
minimizing or eliminating slip in the GaAs wafer.

One final consideration is the extreme toxi:ity of arsine (AsHj?,

normallv used for GaAs growth. For safety reasons, we are reluctant

to use high concentrations of arsine gas in our laboratory. We selected

trimethvlarsenic (TMAs, as a substitute and are presently ‘.vestigating

other alternatives to arsine. Films grown with TMAs are known to be

much less pure than those grown with arsine [13,14]. However, using
S S. Faceptate
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a new precracking technique in our reactor, we have substantially improved
the electrical quality of Gads grown with TMAs [12]. Qur electron
mobilities with this technique (<000-4500 cm>/v.sec) are the best reporces
for TMAs. This work 1is described 1in a separate paper presented in
Svmposium B of this conference.

Results [II-V Epitaxv

Lavers were grown using trimethylarsenic, trimethylgallium,
trimethvlaluminum, and trimethylindium, all purchased from Alfa Products
(Danvers, Ma). GaAs substrates, undoped and Si doped (100) Czochralski,
were degreased and given a8 5:1:1 H»SO4H205:H70 etch prior to loading.
Optimum lavers were grown at 670-720°C with 3.5 1l/min of total Hy flow
and a trimethvlarsenic partial pressure of about 0.5 Torr. GaaAs lavers
have n-type background doping (2x1010 em™3 2 Ng = 1x1017 cm™3) and
mobilities of 2500-3000 cm=/V s at room temperature.

As in Si LRP, gas flows are initiated and stabilized while the
wafer is cool. The growth of epitaxial layers is initiated by pulsing
the lamps and bringing the wafer rapidly to growth temperature. At
the end of each laver the lamps are shut off, the wafer cools rapidly
toward room temperature, and the reaction is halted. The cooling rate
is enhanced bv cooling the walls of the quartz reaction chamber with
a high flow of compressed air, switched on at the termination of laver
growth. Heat conducts rapidly awav from the wafer through the hvdrogen
carrier gas. Rise and fall times are on the order of 10 s. Any desired
structure may be grown by a sequence of these steps, as shown in Figure
5 for a GaAs/AlyGaj.y, As multilaver structure. Note that the GaAs is
grown at 670°C and the AlGaAs at 720°C. We found these temperatures

Growth Growth Growth  Growth
ot GaAs of AIGaAs of GaAs of AiGaAs
Cycie Innat Arsenic Eptaxia! Epnaxial  Epiaxial  Epraxial
Purge Baxe Layer Layer Layer Layer

o Y

msum[ ---—---————ij —_———,—,—— e — e —— —

TMGa
Fiow [}

0 5 10 15 20 25 30

Time (in minutes)

Figure 5. LRP process timing diagram showing how layers are grown bv
pulsing the wafer temperature in the presence of the correct reactive
gases.
TS
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gave the best mobility and surface morphology for single lavers of each

L material. An Auger depth profile of a GaaAs/Alg 1-Gag ggAs multilaver
structure grown by this process sequence is shown in Figure 6. Lavers
are abrupt to within the resolution of Auger (30-608). The toral

thickness of the structure is about 600 A.

One of our early concerns was that poor material would be grown
during the cool down period, creating defects in the growth of subsecuent
lavers. Test structures consisting of multiple layers of GaaAs or
alternating layers of GaAs/AlyGaj.xAs (3 to 11 lavers, 500 & to 2500

: & laver thickness) have been grown by a sequence of rapid thermal cycles.

b These structures have excellent surface morphology, and the sheet carrier
concentrations and Hall mobilities are equivalent to single layers grown
by conventional MOCVD in our reactor. Such test structures have been

analyzed by Rutherford backscattering and ion chtanneling, showing minimum
vields of about 4.0%, the same as bare GaAs wafers. Within the resolution
’ of RBS, there are no crystal defects at the interfaces.

Figure 7 shows a lattice image TEM photograph of a GaAs-alas
superlattice. The transition between the layers occurs within 2 to
4 atomic planes, making the abruptness of this structure equivalent
to MBE grown material. Because gases are completely purged between
successive layers, we believe that this technique is capable of atomicallv
abrupt interfaces. There are defects present at one interface which
we speculate to be oxide inclusions in the AlAs (pure AlAs is very oxygen
reactive). The interface at which AlAs is grown on GaAs does not displayv

such defects. These defects are probably not inherent to the pulsed
growth process.

ﬁ We have also made capacitance voltage (C-V) measurements on multiple
laver structures of GaAs, by reverse biasing a Schottky diode fabricated
on the surface. These layers were grown by flowing TMAs, TMGa, and
SiHs continuously, but pulsing the lamps through 6 cycles to grow 5
individual layers. Figure 8 is a plot of carrier concentration versus

100
80t

4_1r;
ATOMIC PERCENT

407t
Al
20} /
0
0 20 40 60 80 100
SPUTTERING TIME (min)

Figure 6. Sputtering Auger profile for sample 135 showing a structure
of alternating GaAs/Al )-.Ga gg As lavers. Total thickness 1is about
6000 &. Aluminum scaled by 2 (Chas. Evans & Associates, Redwood
City, CA). 9
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Figure
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Figure 8. Carrier concentration versus depth for a multiple layer Gaas

structure, extracted from C-V measurements. This structure has 2

total of 6 layers, although only 2 of them appear in this plot.

depth extracted from these measurements, revealing large peaxs in carrier
concentration at regular depths from the surface. The peaks correspond
to a sheet carrier density of about 2.7x1011 cm-2, However, it is not
clear whether these peaks are a true profile caused by a sheet of shallow
donors (Si pile up at each interface) or a measurement artifact caused
by the release of electrons from deep interface states. Similar C-V
profiles have been observed for growth interrupted interfaces in MBE
[15,16]. We will perform depth profile by Secondary Ion Mass Spectrometry
(SIMS) to see if there are interface impurity peaks corresponding to
the C-V peaks. This should distinguish impurity pile up from deep
interface states.

These preliminary C-V results indicate that our pulsed growth
technique for GaAs generates electrically active interface states or
dopant pile up, which may be dependent on the growth conditions. We
are planning experiments to explore the effect of thermal ramp times
on interface quality. It may also be possible to reduce these states

by means of a different temperature profile. For 1instance, As
condensation on the surface may be occurring when the wafer is cooled
rapidly in an As ambient. Cooling to an intermediate temperature or

including an anneal step between successive layers may give different
results.

Future Work in III-V Epitaxy

The ability to rapidly change substrate temperature could be
extremely useful even if not used as an on/off reaction switch. For
example, it could allow GaAs and AlGaAs layers to be grown at different
optimum temperatures, as in the modified process diagram of Figure 9.
In this diagram growth of layers is commenced by introducing reactant

S1
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Figure 9. Modified process timing disgiam showing how the various lavers

in a structure could be grown at different optimum temperatures,
using rapid lamp heating.

[

gases, but the wafer temperature can folleow the gas composition ek
more vapidly than in traditional MOCVD. It would be entirely reasonable
to raise the wafer temperature for as short as 10 seconds to grow a
thin AlGaAs laver, then return it to a lower growth temperature for
other lavers. Rapid lamp heating is also ideal for GaAs on Si growth,
since it would allow short high temperature pre-cleaning of the silicon
wafers or in-situ annealing steps to improve the GaAs on Si crystalline
quality.

As-ambient RTA

We have some preliminary results for the rapid thermal annealing

of Si implanted GaAs in a TMAs overpressure. We have begun a study
of arsenic overpressure annealing in a time/temperature regime not
accessible with an arsine furnace. We are also making a comparison

of proximity capped (2 GaAs wafers face-to-face) versus As-ambient RTA.
Undoped GaAs wafers were implanted with Si at doses of 1013 to

1015 cm2 and energies of 50-100 keV. Anneals were performed at

atmospheric pressure in = 1f/min of flowing H; with 2.0 Torr TMAs.

Figures 10 and 11 show the activation efficiency of a 1013 cm'z, 50

keV implant for various anneal conditions. As expected, activation
efficiency increases with anneal temperature up to about 830°C, above
which it increases slowly. At 830°C, a 10 second anneal is just as

effective as a longer one.

Rutherford backscattering has been used to study the surface
degradation of As-ambient samples compared with proximity capped samples.
The As-annealed samples always show lower surface backscattering yields.
The higher yields on the proximity capped samples are thought to be
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Figure 10. Activation efficiency versus anneal temperature for a TMas

ambient RTA.

caused by preferential arsenic evaporation. This study will be reported
in more detail when we have completed it.

SUMMARY

Limited reaction processing (LRP) has been used to grow high quality
multiple laver films of Si with clean interfaces. MOSFETs have been
fabricated in layers grown by selective silicon epitaxy, with the gate
oxide fabricated in the same reaction chamber immediately following
epi growth. More demanding bipolar structures are in process. Epitaxial
growth of SiyGej.x alloys has also been demonstrated. We are continuing
studies on this material and hoping to fabricate heterostructure devices.

LRP has also been used to grow multiple layers of GaAs and related
III-V compounds. These layers have surface morphology and Hall mobilitv
equivalent to layers produced by conventional MOCVD in our reactor.
Abrupt interfaces, with transition widths of 2 to & atomic layers, have
been obtained at atmospheric pressure using high growth rates (3 wum/hr
x 10 &/sec). There remain potential problems with interface state densitv
which we are investigating.

The unfocused tungsten halogen lamps have also facilitated a novel
thermal precracking technique, producing the best GaAs ever grown using

trimethylarsenic (TMAs). Background doping and carbon incorporation

are substantially reduced, and room temperature electron mobilities

up to 4500 cmZ/V.sec are obtained [1]. Finally, we have reported
83
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as Figure 7.
preliminary results for arsenic ambient RTA. Initial data indicates

significantly reduced surface degradation compared to the proximity
capping technique.
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