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Determination of aluminum diffusion parameters in silicon
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Aluminum as the fastest diffusing acceptor dopant in silicon is commonly used for the fabrication
of power semiconductors witp—n junction depths ranging from some microns to more than a
hundred microns. Although long used, its diffusion behavior was not sufficiently characterized to
support computer—aided design of devices. In this work, the intrinsic diffusion of aluminum was
investigated in the temperature range from 850 to 1290 °C. Combining nitridation and oxidation
experiments, the fractional diffusivity via self-interstitials was determined. By diffusion in
high-concentration boron- and phosphorus-doped silicon the behavior of aluminum under extrinsic
conditions was investigated. @002 American Institute of Physic§DOI: 10.1063/1.1465501]

I. INTRODUCTION boron-doped layers with concentrations of 4B and
7.0x10™ cm™ 2 were fabricated by epitaxial deposition. Al-
ternatively, phosphorus was diffused from a PQ€&burce
and resulted in a homogeneous concentration of 1E%
Frr3 within 2 wm. Experiments for determination of the
|gusion coefficient under inert intrinsic and extrinsic condi-
ions were performed with aluminum implanted with 60 keV
nd a dose of & 10 cm™ 2. For the estimation of, , Al and
were implanted with 10 keV and a dose of 203 cm™?2
each, and Sb with 40 keV and a dose of 20'*> cm™2. The

Aluminum is traditionally used to fabricate degp-n
junctions with depths of more than 1Q0m because it is the
fastest diffusing acceptor dopant in silicon. Nevertheless
process temperatures of up to 1200 °C and process times
some 40 h and more are usual. These processes stand fo
tremendous thermal budget which gives rise to the formation
of extended defects and to possible contamination. Dee
p—n junctions, on the other hand, are often needed only t

separate the space-charge region aroundpthe junction L L
P P g d Ao | Al doses were kept low to minimize Al precipitation and the

from the surface near layer of process-induced defects. Mo ) : ded def All imol .
ern concepts for the fabrication of power devices are, therg@rmation of extended defects. implantations were per-

fore, often based on short-time processes at comparativefgmed under a tilt angle of 7°. Immediately before the im-
low temperaturés® to avoid defect formation and contami- Plantation process, the native oxide was removed by a HF
nation. Because of the traditional application of aluminumdlp to avoid knock on of oxygen into the silicon. After the

for deepp—n junctions, most investigations covered tem- implantation, all samples were subjected to heat treatment at

peratures above 1200°C. The results disagreed by up to 180 °C for 10 s to anneal the implantation damage. The
factor of 503 Early publication&® were based entirely on diffusion processes were carried out in a horizontal furnace

open- and closed-tube deposition and junction delineation b{fom 850 to 1100 °C for times from 30 to 10000 min and in
lapping and staining. In later publications, ion & rapid thermal processingRTP) system from 930 to
implantatiod®*and electrical characterization methods such290 °C for times frm 3 s to 15min. For inert diffusion,
as spreading resistance profiling have been used. Only a fe@idation, and nitridation processes, nitrogen, dry oxygen,
authord21213 ysed more reliable characterization methods@nd ammonia ambients were used, respectively. For inert
like secondary ion mass spectroscdByMS). Especially for ~Processes with temperatures higher than 1100°C, samples
short diffusion times and low diffusion temperatures, the dif-Were covered with a 100-nm-thick low-temperature oxide
fusion of aluminum is characterized insufficiently. Based on(LTO) to avoid Injection of vacancies into silicon due to
the diffusion enhancement of aluminum during oxidatién, nitridation effects'® After diffusion, oxide and nitride thick-
Gosele and Talf estimated the fractional diffusivity, via ~ N€sSSes were measured by ellipsometry.
self-interstitials ad,>0.85 at 1150 °C. The SIMS analyses were performed using a CAMECA
IMS 4f using 10—15 keV O primary beams for Al(high
mass resolution 400@nd a 10 keV C& primary beam for P
and Sh. The diffusion coefficients were extracted using the
All experiments were carried out using float-zoffz) ~ optimization tool of ICECREM 4.3 In all simulations, the
silicon. For diffusion experiments under extrinsic conditions,profile measured after the postimplantation anneal was taken
as the initial condition and the model parameters adjusted
“Electronic mail: krause@iis-b.fhg.de until an optimum description of the profiles measured after
bAlso: Fraunhofer Institute of Integrated Circuits, Device Technology dlf_fu5|on was achieved. Fumace _and R_TP ramp rates and
Division. oxide growth were taken into consideration consistently.

Il. EXPERIMENTAL PROCEDURE
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Due to the exceptional long diffusion times the RTP ' '
cooling system was insufficient to avoid a heating up of the
cold-wall process chamber. The temperature measurement by
a pyrometer on the silicon wafer was affected by radiation of
the upheated process chamber, so that temperature measure-
ment became unreliable. An effective temperature during the
diffusion processes has been estimated in two ways: First, by
fitting the diffusion profiles of P and Sb and comparing the
diffusivities to the well-known diffusivities of these
elements®!® Second, by comparing the oxide thicknesses
after oxidation to established oxidation models. The effective
temperature was set as the mean value of those three esti-
mates. The standard deviation of those three estimations is i . 2
plotted as a temperature error bar in Fig. 2. Diffusion in a 000 025 050 075 100 125
horizontal furnace was affected by backdiffusion of oxygen Depth (um)
into the process tube. The influence of injection of self-pic. 1. Diffusion profiles of aluminum annealed at 1100 C by RTPjn N
interstitials due to this oxygen backdiffusion into the bulk Comparison of SIMS profiles and ICECREM simulations with one param-
material was taken into account. The oxide thicknesses wer@e" Set
measured after heat treatments and fitted with ICECREM 4.3
by adjusting the oxygen partial pressure. The interstitialg petermination of the dominating diffusion
oversaturation was estimated via the model of Dunfafh. mechanism
For the influence of the self-interstitial injection on the dif- To determine the dominating diffusion mechanism of

fusion of aluminum a diffusion mechanism exclusively via . e ) L
aluminum, diffusion processes under inert, dry oxidizing,

self-interstitials was supposed. In an earlier public&fion o o :

: . . and nitriding condition were performed. Figure 3 shows
those corrections were not taken into account but their efs : . o - .

fect ined ticed b ¢ ical orobl SIMS profiles after processing at 1100 °C. It is obvious that
(hac Zremame unnoticed because ot a numerical probiem i, o diffusivity of aluminum is strongly enhanced during oxi-
the data conversion. dation and retarded during nitridation. This leads to the con-
clusion that aluminum is diffusing predominantly via self-
interstitials as diffusion vehicles. Assuming diffusion via
self-interstitialsl and vacancie¥, the diffusion coefficienD

of a dopant can be written approximately in the form

L) T
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1100°C, 180 s
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Ill. RESULTS AND DISCUSSION

C
f| _elq+ fV_qu
CI CV

A. Intrinsic diffusion D= DECI( 1)

During heat treatment, a non-negligible fraction of alu-
minum diffuses out of the silicon and reacts with oxygenwith D®9 denoting its diffusion coefficient under inert condi-
atoms in the native oxide on the wafer surface. To simulatéions. f, andf,, stand for the fractional diffusivities via self-
this effect, the silicon surface is modeled as an infinitely
effective sink for aluminum atoms. The resulting surface

peak in the SIMS profiles is not shown in the figures for the Temperature (°C)

sake of clarity. For determination of the intrinsic diffusion 10'3514.00 1200 1000 . 800
coefficient, four diffusion processes with gradually increas- 1\ -
ing process times were carried out at each temperature. @ 1071 | :.__.'_'H 3
Simulations were performed with the same parameter set for g ol *3. . * EZ}

all four profiles. Figure 1 shows, as an example, the series " 1073 X <':'> m
processed at 1100°C. A similarly good agreement was ob- £ ] ~os. e LI
tained also for the other temperatures and no indications for g 10 vﬁg}
transient phenomena could be found. From these data, the - 1072 B [23] ]
diffusivity of aluminum was calculated in the form of an ; * 241
Arrhenius law with the prefactob,=4.73 cnt/s and acti- E 1075 1
vation energye = 3.35 eV. Figure 2 shows the values of the ‘e.:f @ This work

diffusivities in comparison with the results of various other A 107" — Arthenius fit 1
authors’~81012.2324 the temperature range above 1000 °C W] D ATeminE, 73356V ©
our values are in a very good agreement with the majority of 10 0.7 08 0.9
reliable data. In the low-temperature regime, our values 1/Temperature (1000/K)

_agree with those of OrtiZ’ Th.e data Pf Kaée.lre _pres_umably FIG. 2. Intrinsic diffusivity of aluminum in silicon. For diffusions in RTP
'nﬂuenced _by effects assomateo! W'th the indiffusion of Ejllu'the standard deviations in temperature determination are plotted as error
minum during the closed-tube-diffusion method. bars.
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e | Phosphorus St & 0¥ o, doped silicon.
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000 005 010 0.5 020 025 030
Depth (ym) In our experiments aluminum was showing stronger diffu-
FIG. 3. Diffusion profiles of aluminum, antimony, and phosphorus annealed® O" enhancement durlng_ O?(Id&ltl_(ﬁ@ED) at temperatures
at 1044 C for 5 min in inert, oxidizing, and nitriding ambients. Profiles in 10Wer than 1100 °C and similar diffusion enhancement than
oxidized samples are given relative to the initial surface. phosphorus at higher temperatures. This meansGh&t; 9
has to be estimated from the diffusivity enhancement of alu-
minum so that the lower limit forfy, becomes zero. With
interstitials and vacancies, ai@ andCy for their concen- increasing temperatures OED is decreasing, which is in
trations, respectively. The superscript “eq” indicates agreement with the work of Mizd$ for aluminum and
concentrations under inert conditions. In the derivation ofural?® for phosphorus. A summary of values of OED and the

Eq. (1) it was already assumed that other mechanisms argstimates foif, of aluminum and phosphorus from Ed&)
ineffective so thaf, equals t-f,,. Following Faheyet al.?®  gnd (3) can be found in Table I.

an estimation of; andf,, can be obtained under conditions

of nitridation from .
C. Extrinsic diffusion

D/D®d . . N

- 2) Because of the low solubility of aluminum in silicon,

CVICS"’ which would not allow to investigate the extrinsic diffusion
whereC,, /C&9 can be estimated from the diffusion enhance-behav'or in samples doped with aluminum only, silicon sub-

ment of antimony showing always the highest diffusivity en—sgggesh:;vr'tz h'grehzr:gggnf? Osqsncgfngf.r:rt?]téogst?:]ggrggr::d
hancement during nitridation. Similarly, from oxidation ex- phosphorus were used. LiTus : XIrnst

1=

perimentsf,, can be estimated from backgrounq is strqngly enhanced.. Due to the high dopant
concentrations, shifts in the Fermi level generate an addi-
D/D¢ed tional amount of charged point-defect—dopant pairs. Figure 4
v=1-— C./ce’ (3)  shows SIMS profiles of aluminum diffused under intrinsic
| |

and extrinsic conditions. For determination of the diffusivity
with C,/C?9 to be estimated from the impurity that shows of aluminum under extrinsic conditiori3,., the influence of
the highest diffusion enhancement during oxidation. In thenjection of self-interstitials due to backdiffusion of oxygen
experiments of Fahegt al. the diffusivity enhancement was must be included. Because of high dopant concentrations, the

highest for phosphorus but aluminum was not investigatedsuppression of oxidation enhancement was presiftfhasd:

TABLE I. Values of OED and fractional contribution of diffusion via interstitial mechanism of aluminum and
phosphorus. Lower limits fof, result from nitridation experiments; upper limits from oxidation experiments.

Process parameters OED(AI) OED(P) £ P
930 C, 45 min 4.73 4.54 0.92-1.00 0.94-0.96
1044 C, 5 min 4.68 451 0.89-1.00 0.81-0.96
1100 C, 3 min 2.44 2.50 0.84-0.98 0.83-1.00

1290 C, 1.5 min 1.78 1.78 0.75-1.00 0.77-1.00
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— TABLE I1. Intrinsic D' and effective diffusivity of aluminunD?}; in sili-

T T . T
Al, intringic conditions . . . . L
0 > con. The effective value includes Fermi-level effects and ion pairing.

|0 Al boron concentration 4.6x10""cm™
A Al boron concentration 7.0x10"°cm™

Temperature D2 (cn?/s) DA, (cm?/s) Reduction of diffusivityD 4/ D

5 900 C 1.9X10° % 1.2x10°'° 6.67x10" 3
1000 C 25x10718  1.4x10°1° 5.99x10° %
1100 C 2.3x10712  1.0x10°1® 4.35x10°92

50 e

X

DA] / DAI

reduction of charged-point-defects—dopant pairs due to
Fermi-level effects, formation of aluminum phosphorus ion
pairs can be expected. Compared to the intrinsic case diffu-
sivity of aluminum is reduced by up to two orders of mag-
10 15 20 nitude. Table Il lists the values of the diffusivity under in-
p/ni trinsic and extrinsic conditions. A separation of the

influences is not possible from the current experiments.
FIG. 5. Diffusion enhancement of aluminum vs normalized hole concentra-

tion.

251 1

IV. CONCLUSIONS

suming also total electrical activation of boron in Fig. 5, the ~ The diffusivity of aluminum was determined in a tem-
diffusivity enhancemer4//D#' of aluminum is plotted ver- ~Perature range from 850 to 1290 °C. The values found agree
sus the normalized hole concentration. A linear dependencéery well with previous reports and reduce the uncertainties
is obvious. But, following the description of extrinsic diffu- in the low-temperature regime. A combination of diffusion

sion behavior by Shaff experiments in inert, oxidizing, and nitriding ambients al-
) lowed the determination of the dominating diffusion mecha-

_ 1+ B(p/ni)+ y(p/ni) (4)  nism of aluminum. It was found that aluminum diffuses pre-

e 1+B+y ' dominantly via self-interstitials as diffusion vehicles and

diffusion enhancement cannot be higher than the charge car'oWs, at temperatures lower then 1100°C, an even higher
rier supersaturation supposing a strictly linear diffusion endiffusion enhancement under oxidizing conditions than phos-
hancement. From this it follows that must have a positive phorus._ln extrinsically boron—dope_d silicon, dlffusu_)n of aluj
value. Because of uncertainties in the suppression of OED dPinum is enhanced due to Fermi-level effects with alumi-
high dopant concentration and the limited amount of valuedUm diffusing primarily via charged-point defects. In a

of normalized hole concentrations, no exact valuedand ~ Nighly phosphorus-doped background, diffusion of alumi-
v can be given. num is strongly retarded.
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