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Arsenic-Spike Epilayer Technology Applied to
Bipolar Transistors

Wibo D. van Noort Student Member, IEERis K. Nanver Member, IEEEand Jan W. SlotboonMember, IEEE

Abstract—For the first time, epilayers with an arsenic-doped diffusion, therefore these spikes can only be used in a low-tem-
spike of 50 nm width have been grown and used in silicon bipolar perature (700C) process.

junction transistors (BJTs). The epilayer has been optimized ; : : _
such that the collector—base junction of the BJT is formed within Our work presents aarsenicspike which offers more flex

the arsenic spike. The counterdoping of boron out-diffusion by ibility because arsenic has a much lower diffusivity than phos-
arsenic strongly reduces the basewidth. The portion of the spike phorus. The spike can be used in processes with a conventional
that is not counterdoped increases the total amount of n-type 950°C thermal anneal or a process that suffers from transient-
doping in the collector without reducing BVceo. The increased onnanced diffusion of boron.

collector-doping allows a 60% higher collector current prior to fr Th dopi in th ke i letel
fall-off. Arsenic has a low diffusivity so very few constraints are e n-type doping in the spike Is not completely coun-
put on the thermal budget of the final process. This high flexibility ~terdoped by boron which leaves a thin highly doped

makes the presented epilayer technology a promising candidate to (NV; ~ 7 x 107 cm™3) layer in the collector, adjacent to

enhance a bipolar process significantly. the collector—base junction. Palestial. [5] have studied such
Index Terms—Bipolar transistors, semiconductor device doping, a “launcher-layer” theoretically. They predict an unchanged
semiconductor epitaxial layers. breakdown voltageRV...,) and an increased cutoff frequency
for devices with such a layer. Two effects explain the improve-
I. INTRODUCTION ment.

» The high doping in the spike will not decreaB#’_., due
to the nonlocal avalanche effect. The spike is only 50 nm
wide and placed exactly at the collector-base junction,
which results in a very thin high-field region. The integral
amount of doping in the spike is kept sufficiently low%
x 102 cm~2) that electrons and holes crossing the high-
field region do not gain enough energy to cause impact
ionization [6], [7].

* As the spike introduces more doping in the collector, the
Kirk effect will be delayed [8] . Both the basewidth re-
duction and delay of the Kirk effect will increase the max-

N A bipolar process, boron will diffuse during the annealing

process that is needed to repair implantation damage and to
activate dopants. Boron diffuses quite rapidly so the anneal con-
ditions generally determine the basewidth, which is an impor-
tant parameter for the high-frequency performance of the tran-
sistor (BJT).

A new method to reduce the basewidth is demonstrated with
fully implanted bipolar transistors [1]. We have grown an n-type
spike in the epilayer which counterdopes the out-diffused boron.
The spike is fabricated with a novel epitaxial process in which
arsenic autodoping is strongly suppressed [2]. With this process

50 nm wide arsenic spikes with a doping concentration varying o cutoff frequency](T):
from 107 to 2 x 102 em—2 are made and the thickness of the €inemanret al. [3] and Schiippest al. [9] have observed

layer grown on top of the spike (top-layer) is controlled veryﬂ'ese adv_antages in e_zxperimental SiGe devi_ces. Their devices
accurately. Contrary to boron, the arsenic in the spike will nd{€re fabricated by using molecular beam epitaxy (MBE). Our

diffuse much during the anneal. With the right top-layer thiclé’-vork shows that an arsenic-doped spike that is fabricated with

ness, the spike is placed exactly at the collector—base junctiYD €Pitaxy can also be used. The arsenic spike also increases

Counterdoping of out-diffused boron by the arsenic spike ré2 Without a significant reduction i Vceo.
duces the basewidth to approximately 60 nm.

A similar approach has been presented by Heinengtnn Il. EXPERIMENTAL DEVICES
al. [3] and Visseret al. [4] where (transient-enhanced) boron
out-diffusion in SiGe BJTs is counterdoped witplaosphorus
spike. Phosphorus is very sensitive to (transient-enhancedRecent developments in CVD epitaxy allow extremely thin

arsenic-doped silicon layers to be grown. The major feature is
that the well-known autodoping, related to arsenic, has been

Manuicaipt received Septembsrb12,d1999; revisbed lfem;lemberkl, 2000. Sogpressed. The process is briefly described in Section 11-B and
review of this paper was arranged by Editors P. Asbeck and T. Nakamura. - ol . . .
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Fig. 1. SIMS doping profiles of a completed device with an arsenic spike and
a 225 nm top-layer. The profile of the epilayer is also shown (measured with

c-\).

which is formed in later processing. Epilayers without a spike : s - ' : Mwn ’\ I‘\
have been included in the experiment for comparison. 015 02 025 03 035 04 045 05
In all the epilayers, devices are fabricated that are based or Depth [um]
the DIMES-03 process [1], which is a fully implanted, low COMgig. 3. As-grown SIMS profile of a highly doped As spike (dep. time 4 min).
plexity, bipolar process. For these experiments the process is
slightly changed; O:épm of silicon has been rempved outsidgy Epilayers With an Arsenic Spike
the base-regions with a shallow-trench etch. This etch removes ) ] ] ]
the arsenic spike where it is not needed and prevents a premd!l the epilayers are grown with a commercially available,
ture breakdown of the junction isolation around the device. |2MP-heated, single wafer reactor (ASM Epsilon One). Itis suit-
A secondary ion mass spectroscopy (SIMS) measuremef'e for |0thempefath? AP_-CVD ep!taxy. .
performed on a device with a spike is shown in Fig. 1. This AN arsenic-doped spike is grown in the epilayer. The as-
figure shows that a lot of boron is neutralized by the spike, §50Wn SIMS profile of such a spike is shown in Fig. 3. The spike
the basewidth is strongly reduced. To measure the basewidif€!f is grown at 700°C and atmospheric pressure. Th|sglow
the As SIMS profile has been measured with a low energy t[%mgerature allows a maximum As concentration up$ol0*?
get sufficient depth resolution. The basewidth is estimated to B - After the spike is grown, excess As surface-coverage is
60 nm. removed from the wafer with a hydrogen bake. When this step

At the collector-side adjacent to the collector—base junctiof§, °Mitted, strong autodoping will be present in the top-layer.
an increased net n-type doping remains. Although this portia—he top-layer is grown at 950 and reduced pressure (60 torr).

of the collector doping is located in a very thin layer the spik¥ore details about this process are givenin [2].
contains at least £ atoms cnt2. a factor two more than a Both the maximum arsenic concentration in the spike and the

collector without a spikex5 x 10! atoms cnt?). thickness of the top-layer have been varied. The maximum ar-

The DIMES-03 process also includes an optional pedesﬁﬁnic ppnce_ntration in th_e spike increase_s_ With an increasing
collector. This is a collector with increased dopidg,( 107 deposition time pf the splke.. Three qleposmon times are used:
cm~3) which is implanted in the epilayer under the emitter. Det-2: 2 and 2.5 min, resulting in a maximum As conpentratlon of
vices with a pedestal collector have a better high-frequency p&f2-> < 10", 7 x 107 and 2x 10'® cm~?, respectively. The
formance and a lower breakdown voltage. These devices allifp-1ayer thickness has been varied with three thicknesses of:

evaluation of the special epilayers at another point o, 222 275, and 325 nm. _ . _
versusfy curve. Fig. 2 shows a schematic cross-section of the I ne different epilayers have been characterized with capaci-

device, the shallow-trench, spike and pedestal collector are {AC€ voltaged-V) measurements. From these measurements
dicated. a doping profile has been calculatedrig. 4 shows the calcu-

2Good agreement between capacitance—voltatye/\ measurements and
1SIMS is performed by Evans Europa, Uxbridge, UK. SIMS profiles was observed in previous experiments.
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Fig. 4. Doping profiles derived fronC-V measurements (symbols) andFig. 6. Collector-base capacitance versus collector-base voltage far 20
SUPREM simulation (dotted) for three different deposition times of an arserfl® xm” emitter area. A 2 min spike is used with a top-layer thickness that is
spike with a 275 nm top-layer. varied from 225 to 325 nm.

— . WhenV, is increased, the spike will be fully depleted. Once
Nﬁ'ss%? e the spike is depleted, it takes only a small increasé.pto ex-

i tend the depletion layer all the way to the buried-layer. With a
fully depleted collector’.;, of the reference device and a device
with a spike are equal. Fig. 5 shows that the spike is depleted at
voltages exceeding 1 V. The slope of eV curves at higher
Ve, increases for a longer spike deposition time. Two effects in-
crease the slope: reduction ofthe netbase doping due toincreased
{025 counterdoping by arsenic and a significant increase of the total
103 amount of dopinginthe collector. The latter causes the collector—
w5 3P base depletion region to end in a lower doping concentration at
the buried layer side. This results in a slightly higher capacitance
variation. The reduction of net base-doping can be compensated

Collector-Base Voltage [V] for by using a higher implanted boron dose for the base.
A device with a 2.5 min spike deposition time breaks down
Fig. 5. Collector-base capacitance versus collector-base voltage far 2(before the spike can be depleted. The integral amount of doping
40pm? emitter area. The spike deposition time is varied from 1.5 minto 2.5 mify the spike (1.25x 103 cm*2) is too high to benefit from
the nonlocal avalanche effect. The high electric field that re-
lated doping profiles for three different spike deposition timeHlts from the high doping concentration causes the voltage drop
with a 275 nm top layer resulting in spike-concentrations of 13¢ross the depleted spike to exceed a critical value. Electrons
x 10'2, 5 x 102 and 1.25x 103 cm~2. The profiles shown in @nd holes crossing the high-field region are accelerated above
this figure are not as-grown but have been measured after belfAg impact ionization threshold; ~ 1.2 eV). The extrapola-
subjected to the total thermal budget of the device processin[‘zi/?m inFig. 5 shows that the 2.5 min spike is fully depleted when
b IS higher thanZ;; /q.
Fig. 6 shows theC-V curve for devices with different top-
layer thicknesses on a 2 min spike. Three thicknesses have been
A. Collector-Base Capacitance used: 225, 275, and 325 nm. For an increasing top-layer thick-

The collector—base capacitanc() versus voltage¥(.;,) has ness(’y increases. This indicates that there is more doping at the
been measured on devices with a largecD xm? emitter area collector-base junction when the thickness of the top-layer is in-
the larger area allows more accurate measurements. Fig. 5 sh%(ﬁ%te’ed' Thle \c/ur\;]e_ fﬁr_the 325nm top-layer s(r;c;w\? "’_}_ﬁgcriasmg
theC—-Vcurve of the collector—base capacitance for three devicg@dient a_t - V. WhiCh InCreases again aroun - 1 NIS Shows
with different deposition times of the spike. A measurement orf at_ asVap, IS mcrez_;lsed the do_pmg level at the collector-s@e de-
reference device withoutaspikeis alsoincludedinthe graph. TRI§tion-boundary increases first and then decreases again. From
figure shows thaf,, atV,, = 0V (C,) increases when the de-this we can conclude that for the 325 nm top-layer, the base—col-
position time of the spike increases. This increagggdé duetoa lector junction is formed outside the maximum of the spike.
reduced depletion-layer width. A thinner depletion layer implies
a higher doping concentration at the collector side of the met&: DC Measurements
lurgic collector—base junction. So the increasfrigshows that  From theC—Vmeasurements described in Section llI-A, it be-
the collector—base junction is formed within the arsenic spikecomes clear that some boron in the base is neutralized by the ar-

102

Collector-Base Capacitance [pF]
Depletion-Layer Width [um]

I1l. RESULTS AND DISCUSSION
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TABLE | 5
hrr FORLOW AND HIGH Bt DOSE RELATIVE CHANGE IN G 5 ,
(CALCULATED FOR THE HIGH DOSE), AND BREAKDOWN VOLTAGE (BV..,) WN&'gpic ____________
FOR DIFFERENT ARSENIG-SPIKE CONCENTRATIONS (V) AND — 4 | Wihopike .
TOP-LAYER THICKNESSES(W,0p) é
AG g st (1~ ]
Layer | Wi | Na heg F2 | BV £
3 o
[nm] | [em®] | low | high| - ] ° |
82t ff e e
To no spike 103* | 56 | 0 % 7 s |\
Tus | 275 |2.5x107 || 145 | 67 |-16 % | 7 3 e =
T 275 | 7x10"7 || 233 | 77 |-27 %| 4.5 A
Ty 275 | 2x10'® || 8680 | 125 |-56 % | 2.5 ) ) . . . . .
Wis | 3256 | 7x107 || 162 | 72 |-22 %] 3.5 0 o5 1 15 2 25 3 35 4
Wiars 275 | 7%10%7 233 | 77 |~27 %] 4.5 ' Collector-emitter voltage [V]
17 e | _agp ¥
Was | 225 | 7x10 1010 &7 36 %) 68 Fig. 7. Output curves for transistors with a pedestal collector without spike

and with a 2 min spikel{/,25 in Table 1) are shown (2& 1 zm? emitter area).
Between each trace the base current is increased pyA10
senic spike. To quantify how much boron is neutralized, we have
compared the DC_CL_Jrrent gai_hl(E) of the different devices. 20 Reference
The DC current gain is determined by the base Gummel-numbel 18 Spike e T .
(Gg) and the emitter Gummel-numbér{z = Gg/Gp). The 16 L g A
base current at,. = 0.6 V is nearly identical for all devices
(o < 6%), indicating that they all have the saifig.. Therefore,
a change iGp results in a proportional changeifhrg. The
relative difference betwedr g of the transistor with a spike and
a device without a spike is calculated by comparing theif;.
Table | shows the averadgg- g and relative difference i’
for devices with varying spike doping and top-layer thicknesses.
Two boron doses are used, a low and high dose, which result ir
ahpp = 100 for devices without spike and with&>,.; layer, .
respectively. The relative change iz shows that a higher 10 10° 10
doping in the spike strongly decreas&g. A thinner top-layer Collector Current I [A]
shifts the spike into the base, which also decreésgsThe de- ) o
. . . . Fig. 8. Cutoff frequency'r for the reference transistor and a device with layer
creasedr g can eaS|Iy be compensated with a h'Qher 'mplant%}gz;. V., issetto 0, 1, 3, and 5 V (indicated with bold numbers).
boron dose in the base. But if there is too much n-type doping
leftin the collector, the breakdown voltagB¥...) is decreased.
Two devices with a spike haveR\V,.,, similar to the reference
device BV..o = 7 V). A device with layeri¥,,5 is very attrac-
tive. It combines a high arsenic concentration in the spike Withagom_ 60%: . . .
minor change iMB V.. A doping profile of this device is given . Toinvestigate the _mcreaseﬁf, the em|tt_er—(_:ollector transit
in Fig. 1 time (r.. = 1/2x fr) is plotted against /1. in Fig. 9. In a plot

Fig. 7 shows the output curves for devices with a pedes{gﬁe this, the contribution of depletion capacitanCg{+Ce) to

collector. Devices with and without a spike are compared. Botkr can be separated from that of the neutral storage capacitance.
From comparison of the slope af. of both devices in Fig. 9,

devices have an emitter area of 0 m?. The devices have a ; ) .
compensated boron dose resulting in a comparaple ~ 100 We can conclude thaCQe + Cap) is larger for the device W'th
for both devices. For these devices, there is no significant char?%ﬁp'lﬁ' Ftr)or‘r% Sdec_t|0n ”s:f_;‘A' WEIE knOWfthéfrC]b atVe, =5 V_li
in Early voltage otBV,.,.. Devices without a pedestal collector® .uka %r] O.t hewcesl f"e 'r‘:‘. arllrgecrj or_t € tranS|storIW|t. ah
show a significant decrease in Early voltage when a spike isu e'd 'T 'Str: eresulto a: dlg erl otplpg cgncentranon In the
due to the increased collector-doping resulting from the spik ase due fo the compensated Implantation dose.

The neutral transit timer{,) is found by extrapolating the

linear part in Fig. 9. The point where the extrapolation inter-
sectsl/I. = 0 givesr,. This figure shows that it is reduced

The high-frequency performance of the reference device abgl~1 ps when a spike is used. The reduction is caused by two
the device with a spike (layeksq5) is compared (both are effects: the smaller basewidth decreases the base transit time
marked withx in Table ). The measuredlr versus collector (7g), and secondly, the acceptor concentration in the base has
current and voltagelf, and V,4,) is shown for both devices in been increased to compensate counterdoping of the spike. This
Fig. 8. This figure shows that the maximufg for the device reduces the level of injection at the emitter—base junction, and
with a spike is reached at a much higheyindicating thatfr consequently, the charge storage associated with it.

Cutoff Frequency f [GHz)
=

fall-off due to the Kirk effect is postponed due to the higher
doped spike. With a spike, the current density is increased by

C. High-Frequency Measurements
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Collector Current (I,) [mA] 25 Reference — g~
10 54 3 2 1.5 1 T O — g .
25 T —— . T 3 |
Reference ——
Spike -
Extrapolation -

Cutoff Frequency f [GHz]

slope: kT/q (Cy+Cyp) . .
10* 10 107 107!
5 Collector Current I, [A]

Inverse of Collector Current (Ic)'1 [A‘l]

Emitter-Collector Transit Time (Tgc) [ps]

Fig. 10. Cutoff frequency~ for devices with a pedestal collector. A reference
Fig. 9. Emitter—collector transit time.. for the reference transistor and atransistor and a device with lay&¥;.5. Vo, is setto 0, 1, and 3 V (indicated
device with layeriWass. Vi, is set to 0, 1, 3, and 5 V (indicated with bold with bold numbers).
numbers).

Collector Current (I,) [mA]

10 5 4 3 2
15 T T T

Equation (1) givesg as a function of basewidt#(g) and
electron diffusion coefficien{D,,). W was determined from
device simulations of the profile given in Fig. 1, and a modified
version without the spike and a lower acceptor concentration ir
the base. The emitter and base Gummel number are approx
mately equal for both profiles. From these simulations, it was
found that the effectivé? g, corrected for depletion induced
by V.1, is roughly reduced from 60 to 30 nm by the spike. In
accordance with (1), this corresponds to 0.4 ps. The remainin
transit-time reduction is attributed to the increased acceptor cor
centration in the base

Reference ——
Spike -~
Extrapolation

2
2D,
The reduction relative ta,, is small so the higher current

density is mainly responsible for the increagidin the device Fig.11. Emitter—collector transittime. for devices with a pedestal collector.

with ike. The reference transistor and the device with ldyék;. V2, is setto 0, 1, and
th a spike 3V (indicated with bold numbers).

Emitter-Collector Transit Time (tgc) [ps]

1)

B

Inverse of Collector Current (Ic)'1 [A'l]

D. High-Frequency Measurements on Devices With a Pedestal

Collector of 7,,. The collectorr, is proportional to the width of the col-
lector depletion-layelV g, which is reduced in devices with a

Devices with a pedestal collector are fabricated in the same -1 collector due 1o the high collector doping.

epilayers as those presented in the previous section. PhosphBrL'J_slg. 11 shows-. versusl /L, for the devices with a pedestal

has been implanted in the epilayer under the emitter, before th . .
o . . collector. The figure shows that when a pedestal collector is
deposition of the spike and top-layer. The implanted phosphorus : .
i . used, the spike also reduces by ~1 ps. With the collector
forms the pedestal collector which also neutralizes some boroh ) g :
: . : storage practically eliminated, 1 ps reductionrgfhas more
inthe base. The implanted boron dose in the base of both devicgs :
. , . : effect. Moreover, pedestal collector devices show an equal or
has been chosen such that devices with or without a spike h%\é?ter erformance for the full range of collector—base voltages
a comparablé g of 103 and 91, respectively. For both devices P 9 9

BV, is reduced to 3 V by the high doping-level in the pedestgl\fhen. a spike is used, which shows that the improvement does
17 3 not diminish at lowV;,.
collector (V4 = 10*" cm™>).

Fig. 10 shows the measurgd for two devices with a pedestal
collector. This figure shows that for devices with a pedestal col-
lector, the current density where the maximyimis reached is  This work shows the successful fabrication of silicon bipolar
slightly higher for the device with a spike. transistors with a very thin arsenic-doped epitaxial layer

The devices without a pedestal collector discussed in the p(éspike”) at the collector—base junction. The epitaxial layers are
vious section show a relatively small decreaserpfwhen a fabricated with a commercially available AP-CVD reactor. The
spike is added to the epilayer. In these devices, the collecmpcess is compatible with many bipolar processes, because
transittime . = (Wgc/2vsq:) = 2 ps, Wherev,,, is the satu- the low diffusivity of arsenic allows very relaxed constraints
rated drift velocity for electrons in Si] represents a large portiaan the thermal budget during further device fabrication. The

IV. CONCLUSIONS



VAN NOORT et al: ARSENIC-SPIKE EPILAYER TECHNOLOGY 2505

low transient-enhanced diffusion of As makes these layers Wibo D. van Noort (S'97) was born in Amsterdam,

promising candidate for compensation of boron out-diffusic The Netherlands, on September 20, 1972. He
in SiGe transistors received the M.Sc. degree in electronic engineering

) o . ) from Delft University of Technology (DUT), Delft,
With very few modifications, the epilayers could be imple The Netherlands, in 1996, where he is currently
mented in a standard bipolar process. These devices were L pursuing the Ph.D. degree. .
. . . . In 1996, he joined the Laboratory of Electronic
to demonstrate experimentally that devices with a spike ha
an improved high-frequency performance, resulting from ar

Components, Technology, and Materials, DUT. His
current research interests are CVD epitaxy, device
duced basewidth, a higher acceptor concentration in the be
and a delay of the Kirk effect.

physics, process technology, and (high-frequency)
characterization and measurement.

The basewidth is reduced by boron counterdoping in the
arsenic spike. For all devices, a 1 ps reduction of the neutral
transit time was observed. According to device simulations, the
basewidth reduction and the increased doping concentration,in
the base contribute equally to this. The resulting improveme
of high-frequency performance is more pronounced in devic
with a relatively large contribution of the emitter—base regio
to the neutral transit-time: devices that combining a BV,
with a high fr.

The Kirk effect is delayed because a high concentration
n-type doping remains in the spike, which increases the toj# In 1988, she joined the DIMES IC Process
amount of doping in the collector. This allows a 60% higher Research Sector as Bipolar Process Research

: : - Manager. Since 1994, she has been an Associate Professor with DUT,
current density before high-current effects redyge With a detached at DIMES Technology Center. Within the Laboratory of Electrical

uniformly doped collector such an increase in current densitymponents, Technology and Materials, she manages research on advanced
can only be achieved if the breakdown voltage is compromisettbased devices that is at present mainly directed toward optimization and
development of high-frequency Si BJT/SiGe HBT devices, using technologies
such as AP/LPCVD epitaxy, dopant activation by excimer laser annealing, and
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