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Phosphorus and arsenic profile control for high performance epitaxial base
bipolar junction devices
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In this study, we report on the incorporation behaviomef/pe species in undoped layers grown
subsequent to doped layers at low temperat@i@—750 °Q reduced pressure chemical vapor
deposition of silicon/silicon germanium (SifSiGe) performed in a single wafer epitaxial
deposition system. Significant amounts of these species are observed even in an undoped layer
grown subsequent to the doped layer. The presence of these dopants in the subsequently grown
undoped layer is attributed to segregation at the moving growth interface. The arsenic segregation
is confirmed to be significantly higher than phosphorus. In addition, an increase in both the
phosphorus and arsenic incorporation is observed in the presence of a highly doped boron layer.
© 1999 American Institute of Physid$S0003-695(99)03332-X]

Epitaxially grown silicon/silicon germanium bases arehas also been studiédlhese studies show that the transition
utilized in realizing a very high performance bipolar junction lengths for arsenic are six to eight times longer than phos-
transistor (BJT) and heterojunction bipolar transistor for phorus. These transition lengths were the same for silane or
various wireless, radio frequency, and communications apdichlorosilane source gas. In addition, the authors also found
plications which use transistors with andf,,,in excess of  that boron promoted the incorporation of arsenic into silicon
40 GHz!~®Boron implants suffer from the undesirable chan-but did not significantly enhance the incorporation of phos-
neling effects, and hence, it is very difficult to form very phorus into silicon. The study did not report on the dopant
shallow base profiles since the channeling results in undesiprofile control in undoped layers grown subsequent to a
ably wide base profiles and poor film thickness control. Thedoped layer. As mentioned earlier, the design of advanced
epitaxial deposition processes can be used to achieve idehipolar junction transistor base profiles requires an undoped
box-like doping profiles resulting in optimum device charac-or low doped film after the doped base film growth. The
teristics. doping in these subsequently grown films depends on the

A drawn cross section of a typical device is shown inturn-off characteristicgauto-doping, loading effects, and
Fig. 1. Since the base deposition is usually performed aftememory effects during the epitaxy.
the isolation oxide regions have been formed, typically, a  The base collector junction and the base width are deter-
simultaneous deposition of single crystal silicon on siliconmined by the emitter junctiofnot shown in Fig. 2and the
openings and poly-crystalline silicon on oxide is used. If theboronN dopant junction. Both th@®- and N-dopant profiles
intrinsic base thickness is aggressively scaled down to thaeeed to be characterized and controlled in order to result in
400-600 A regime, the extrinsic base region would also beeptimized base widths. It is the purpose of this letter to ex-
come too thin and the extrinsic base resistance would bperimentally report on the issues relating to optimizingkhe
undesirably high. To circumvent the earlier problem, a two-dopant(Phos or A% and boron profiles. Specifically, it is
layer deposition is performed. First,natype layer is depos- shown that significant amounts of thé type species are
ited which becomes a part of the underlying collector of thefound in the upper undoped layer Brtype layer. The pile
device. Then, a thif? + layer is deposited to form the base. up of these dopants is attributed to segregation at the moving
The extrinsic regions are then implanted wiRltype dopant growth interface. In addition, an increase in both phosphorus
to turn the stack oP+/N film to P type. The doping of the and arsenic incorporation is observed in the presence of a
n-type layer can thus be adjusted to form the most optimunhighly doped boron layer.
collector profile. Figure 2 shows a drawn doping profile  The films were deposited in an 8 in. commercially avail-
through the intrinsic device regio@mlong AA’ of Fig. 1). able single wafer reactor from Advanced Semiconductor

Previous authors have studied the doping of arsenic and
phosphorus in low temperature silicon epitaxial growth at
atmospheric pressufe. High controlled doping of these P+

. . K . Polycrystalline
N-type species was achieved in an ultraclean condition at silicon N
temperatures below 750 °C. The turn-on characteristics and + A
abruptness of arsenic and phosphorus dopant transients ir
low temperature and low pressure silicon epitaxial growth
A
. . . . LOCOS Oxide
dR. Bashir is now with the School of Electrical and Computer Engi-
neering, Purdue University, W. Lafayette, IN 47906; electronic mail:
bashir@ecn.purdue.edu FIG. 1. Drawn cross section of a typical epitaxial base Si/SiGe device.
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FIG. 2. Typical drawn base profile of a high performance Si/SiGe base BJT. Depth (4)

. g . FIG. 4. SIMS profile of sample from Fig. 3 overlaid on the SIMS of sample
Materials? The system was a cold-wall radiantly heatedwith 2x the N-type silicon layer thickness.

chamber where the wafer is placed on a SiC coated graphite
susceptor. Silwas used as the silicon source, 3t AsHg . . ) .
was used as thi-type source gas, and,Bg was used as the WasS used grown at 700 °C. This particular behavior of phos-

P-type source gas. Deposition temperature was 750 °C fdPhorus prompted further study. _
silicon and 700 °C for Si_Ge,. (100 substrates with and Experiments were performed with various hydrogen gas

without local oxidation of silicon patterns were used. purges after the first silicon layer growth with a flow of 20
Dopant profiles were measured using secondary iois!M- The increased purges were done in an effort to eliminate
mass spectroscopIMS) using a Cameca spectrometer us-any memory effects and to remove and purge out the phos-
ing an oxygen primary ion source beam. At the beginning ofPhorus species from the ambient prlor_to startmg the subse-
the analysis, the same surface was flooded with oxygen tguent boron doped layer growth. No difference in the phos-
minimize transient ion yield. This also helped to maximize Phorus profile was observed between the three cases, i.e., no
the sensitivity of the measurement. For accurate quantifica?Ur9e, 3 min purge, and 30 min purge. These volumes of
tion, each impurity was measured as a positive secondaryydrogen should be sufficient to purge any residual gases in
ion. Primary beams with 3 KV energy were used to get théh® ambient. These experiments indicate that the increase in
best depth resolution. phosphorus concentration is not likely to be due to species in
Figure 3 shows a SIMS plot of a typical base profile with theé ambient, outgassing or memory effects.
phosphorus doped silicon layer and a boron doped silicon ~ To further investigate the behavior of phosphorus under
layer. The arrow indicates where tidétype silicon layer —these conditions, a sample was grown at the same conditions
growth was started and where the phosphine dopant gas wa§ earlier, except that the phosphorus doped layer was twice
turned off. The silicon growth was done at 750 °C using@s thick. The SIMS plot of the samples are shown in Fig. 4.
silane as the source gas. As can be seen from the plot, tHde slight boron pile up at the epi/substrate interface is used
phosphorus concentration does not decrease but rather ter@sthe marker to overlay the two plots. The initial phosphorus
to increase even after the phosphorus is turned off. The saniecrease is the same in both the samples for the first 1000 A.

behavior was observed when a silicon germanium base filifter that, the phosphorus settles to a more uniform profile in
the next 2000 A(in the sample with & the phosphorus

doped silicon thickne$sOnce the phosphine gas is turned
10° off, there 5 a 3 min hydrogen purge after which the boron is

turned on and the silicon growth is continued. The phos-
3 10" phorus behavior in the two samples is the same once the
3 phosphine gas is turned off, i.e., there is an initial small
S 10" increase when the boron is turned on and then the phos-
E— phorus concentration declines slightly.
S 10v A closer examination of Figs. 3 and 4 also indicates that
g the phosphorus concentration is increased once the boron is
g 10° turned on. This was further verified by growing a sample
§ s L l Tl without the boron doped layer, i.e., once the phosphine is
107 ¢ ;‘If'meff' Start of turned off and purged, only the silane is passed through the
Jyon L .3‘? iy, ... Growth system. Figure 5 shows these SIMS profile and as can be

0 200 400 600 800 1000 1200 1400 1600 1800 2000  clearly seen, an increase in phosphorus concentration by fac-
tor of two is achieved. Again, it should be noted that the
Depth (A) concentration of phosphorus does decrease with time in the
boron doped layer.
FIG. 3. SIMS profile of a silicon base showing accumulation of phosphorus AN €xperiment was also conducted with arsenic as the

in the top boron doped layer. n-type dopant in the silicon layer. As shown in Fig. 6, the
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undoped layer when compared to phosphorus can be attrib-

20
° 10 uted to an increased segregation of arsenic at the growing
S 10 Phos (with top s_|I|con mterfgce. In previous reports, the increased segrega-
§ Boron layer) tion of arsenic when compared to phosphorus explained the
& qo greater turn-on time and transition lendtfihe same behav-
_5 ior can also account for a continuing increase/pile up of the
§ 10" Phos (without arsenic on the growing interface. However, since the dopant
§ top Boron layer) source is turned off and the chamber is purged thoroughly,
5 10 the main source of the extra dopant is most likely at the
© surface of the first doped layer and/or from within the first
10% Nﬂmﬂmm”wm doped layer(it should be noted that purging the chamber
101 Begin Growth from some time does necessarily eliminate other sources of

dopant out diffusion and out gassjrigThe dopant continues
to accumulate and build up at the growing interface even if
the source gas is depleted from the chamber. The comparison
between arsenic and phosphorus conclusively show that the
FIG. 5. Ehosphorus SIMS profile with and without the presence of boron insuncaCe segregation of arsenic is significantly higher than
the top silicon layer.

phosphorus.

In this letter, we reported on the dopant incorporation
arsenic accumulation in the upper undoped layer is considsehavior ofN-type dopants in undoped layers grown subse-
erably higher when compared to phosphorus. The arseniguent to doped layers at low temperatuzZ00—750 °G
concentration actually increases by about a factor of 30 (RPCVD growth performed in a single wafer epitaxial depo-
X 10*°-1x 10') from the point where the arsine is turned sition system. Significant amounts of these species are ob-
off to the top of the surface. In Fig. 6, the actual boronserved even in an undoped layer grown subsequent to the
concentration is identical to the ones in Figs. 3 and 4, andloped layer. The presence of these dopants in the subse-
hence, is not shown. Just like the case with phosphorus, thguently grown undoped layer is attributed to segregation at
arsenic concentration increases with the presence of boronthe moving growth interface. The arsenic segregation is con-

The increased tendency of arsenic to pile up in the toffirmed to be significantly higher than phosphorus. In addi-
tion, an increase in both the phosphorus and arsenic incorpo-
ration is observed in the presence of a highly doped boron
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