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Leakage Current Mechanisms in SiGe HBTs
Fabricated Using Selective and Nonselective Epitaxy
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Abstract—SiGe heterojunction bipolar transistors (HBTs) delays around 10 ps [5], [6] and high frequency analog circuits
have been fabricated using selective epitaxy for the Si collector, for wireless communication systems [7]. However, in spite of
followed in the same growth step by nonselective epitaxy for the i impressive progress, no single process architecture has yet

pt SiGe base and n-Si emitter cap. DC electrical characteristics . . .
are compared with cross-section TEM images to identify the emerged as the dominant approach for manufacturing SiGe

mechanisms and origins of leakage currents associated with the HBT integrated circuits.
epitaxy in two different types of transistor. In the first type, the Selective SiGe epitaxy [3], [5], [6] is being investigated
polysilicon emitter is smaller than the collector active area, so that ¢,y integrating SiGe HBTs into double polysilicon bipolar

the extrinsic base implant penetrates into the single-crystal Si and : . : . .
SiGe around the perimeter of the emitter and the polycrystalline processes. In this approach, a SiGe base is selectively grown in

Si and SiGe extrinsic base. In these transistors, the Gummel plots &N emitter window after fabrication offppolysilicon base con-

are near-ideal and there is no evidence of emitter/collector leakage. tacts. The collector is previously grown in a separate Si epitaxy
In the second type, the collector active area is smaller than the step and the emitter is subsequently formed by diffusion from
polysilicon emitter, so the extrinsic base implant only penetrates 4 polysilicon contact. The polysilicon contact is heavily doped,

into the polysilicon extrinsic base. In these transistors, the leakage L . . 8 3
currents observed depend on the base doping level. In transistors so the doping in the SiGe base is kept below 50'* cm

with a low doped base, emitter/collector and emitter/base leakage t0 avoid emitter/basel tunneling k_?akag? [8]. This a_lpproach has
is observed, whereas in transistors with a high doped base only the advantage of being compatible with conventional double
emitte_r/base leakage is observed. The emitter/collect_or _Ieakage ispolysilicon bipolar technology, which minimizes parasitic

explained by punch through of the base caused by thinning of the cq|lector/base capacitance and gives very fast digital circuit

SiGe base at the emitter perimeter. The emitter/base leakage is
shown to be due to a Poole—Frenkel mechanism and is explainedperformance. ECL gate delays of 11 ps [5] and 9.3 ps [6] have

by penetration of the emitter/base depletion region into the P€en reported for this approach.

p+ polysilicon extrinsic base at the emitter periphery. Variable An alternative approach for analog BiCMOS applications is
collector/base reverse leakage currents are observed and a variety djfferential epitaxy on oxide patterned active device areas [7]. In
of mechanisms are observed, including Shockley-Read—Hall yic 5 nnroach, deep and shallow trench isolation is used to create

recombination, trap assisted tunneling, Poole—Frenkel and band . : . . o .
to band tunneling. These results are explained by the presence ofisolation regions in an epitaxial collector layer. The SiGe base

polysilicon grains on the sidewalls of the field oxide at the collector iS then formed using differential epitaxy, which gives single-

perimeter. crystal growth in active device regions and polysilicon growth
Index Terms—Epitaxial growth, heterojunction bipolar tran-  0n the field oxide regions. The polysilicon on the field oxide is
sistor (HBT), selective epitaxial growth, SiGe. later used to form P polysilicon base contacts. The germanium

concentration is graded across the base to generate a built-in
electric field [9] and reduce the base transit time. A heavily
o _ ~doped polysilicon emitter contact is again used, so the base
APID progress has been made in SiGe heterojunctigidping is limited to about 5 10** cm~* to avoid emitter/base
bipolar transistor (HBT) technology since initial resultsunneling leakage. Typical performance with this approach is an
were published in 1989 [1], [2]. Very high frequency device,. of 45 GHz and ary,,., of 65 GHz [10].
performance has been achieved, for example valuegrof  pifferential epitaxy technology has been further developed
and fmax of 130 [3] and 160 GHz [4] respectively. Circuitpy combining a heavily doped'pSiGe base with an n-Si low
applications include high frequency digital circuits with gatgoped emitter [11], [12]. A high base doping concentration is
desirable because it reduces the base resistance and allows the
Manuscript received June 14, 1999; revised August 17, 2000. This work waasewidth to be dramatically reduced. THeQiGe base is typ-
supported by a research contract awarded by the Engineering and Physical i%%iﬂy doped at a concentration of aroundx110?° cm—3 and
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Asbeck and T. Nakamura. € n-Si low doped emitter at a concentration of 20°> cm
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A. C. Lamb and S. Hall are with the Department of Electrical EngineerinHS|ng this approach. For exampl_e’m{ of 160 GHZ has been
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collector and one for the SiGe base. It would be advantageou
these two epitaxy steps could be combined, as it would simpli
the process and reduce the costs associated with the epitax'
this paper, we therefore investigate a process in which the Sic
lector is grown using selective epitaxy (SEG) and the SiGe be
and the Silow doped emitter using nonselective epitaxy (NSE
in the same growth step. Cross section TEM and DC transis
measurements are used to characterize the SEG/NSEG grc
and to identify sources of leakage currents.

p snbafrafe

Il. FABRICATION

Fig 1 shows a schematic cross-sectional view of the Si @ 1. Schematic cross-sectional view of the transistor structure illustrating
) . . e critical dimensiony.

HBT concept. The Si collector was selectively grown (SEG) ai

a pressure of 72 mtorr and a temperature of 8@in a silicon TABLE |

dioxide window using a Thermo VG Semicon CV 200 System. syumary oF THE BASE SHEET RESISTANCE AND PEAK BORON BASE

The growth gases were Sikhnd PH and the pressure was de- CONCENTRATIONS IN THETRANSISTORSWITH HIGH AND Low DOPEDBASES
termined by the pumping speed of the system. Thes5be) o5

base and Si emitter cap were then grown nonselectively (NSE  r2sister Base She(eytsr:“smce Peak b°"°‘;:1§vi S doping
during the same growth step by switching kb the growth  low doped 642 8.8x107
chamber and controlling the pressure at 500 mtorr via a throt high doped 440 2.3x10"

valve. The selective epitaxy was achieved using silane only [13],
which avoids many of the problems associated with the use of _ .
chlorine chemistry [14]. Bases were grown with two differen Tre_1n3|stor electrical measurements were ”_‘ade on a 4145
boron concentrations, as summarized in Table I. During the n%f;mlconductor Parameter Analyzer. TEM images of the
selective growth, polycrystalline SiGe and Si are deposited G/NSEG Iayer; were taken on test structures on the same
the field oxide, which is later used to produce the extrinsic bag/gfer as the transistors.
contact of the transistor. This was done usingya 50*> cm—2,

80 keV boron implant, which was self-aligned to the ion im-
planted rt polysilicon emitter contact. The implanted dopant Fig. 2(a) shows Gummel plots for five SiGe HBTs with a
was activated using an emitter anneal of 60 s at975 low doped base and a positive valuecofThe transistors were

For transistor operation at high frequencies, it is importanteasured on different parts of the same wafer. The five transis-
to minimize the collector/base capacitance, which is partly drs measured have very similar Gummel plots, indicating good
termined by the spacing in Fig. 1. In the transistor shown control of the nonselective growth across the wafer. The col-
in Fig. 1, the - polysilicon contact is smaller than the coldector characteristics are ideal, with an ideality factor of 1.01
lector active area (positive), so the extrinsic base implant pen-and the base characteristics are near-ideal, with an ideality factor
etrates into both the polycrystalline and single-crystal Si amd Vg = 0.55 V of between 1.16 and 1.20. For comparison,
SiGe around the perimeter of the emitter. Transistors were alsig. 2(b) shows Gummel plots for five equivalent transistors
produced in which the collector active area was smaller than twé&h a negative value ofv. The collector characteristics are
nt polysilicon contact (negativa). In this case, the extrinsic very varied and there is significant emitter/collector leakage
base implant only penetrates into the polycrystalline Siand Si@Gr all five transistors. At a base/emitter voltage of 0.55 V, the
around the emitter perimeter. Transistors with negative valuesashitter/collector leakage varies from 1110~ on the best
o have the advantage of lower collector/base capacitance, tahsistor to 8.0< 10~% on the worst transistor. The base char-
they rely on the lateral diffusion of boron during the emitter aracteristics are more varied than those in Fig. 2(a) (positive
neal for the formation of the extrinsic base. Transistors weasd also show increased emitter/base leakage. At a base/emitter
produced with values af of —0.5,—-0.3,—0.05,+0.5m and voltage of 0.55 V, the base current ideality factor is 1.56 on the
larger. best transistor and 1.71 on the worst transistor.

This process has a number of simplifications compared withFig. 3(a) shows Gummel plots for five SiGe HBTs with a
many of the processes described in the literature [5]-[7], [12]igh doped base and a positive valuenofThe collector char-
First, the collector, base and emitter are all grown in a single epicteristics are ideal, with an ideality factor of 1.00 and the base
taxy step, thereby eliminating the requirement for a separate coharacteristics are near-ideal, with an ideality factoviat =
lector epitaxy step. Second, oxide isolation is an intrinsic part0f55 V of between 1.08 and 1.09. The base current ideality
the device structure and hence no separate trench or LOCOS faotors on the transistors with a high doped base are therefore
lation is required. Third, the original growth interface is buriedlightly better (1.08-1.09 compared with 1.16-1.20) than those
deep in the collector, far away from the collector/base depletiomFig. 2(a) for transistors with a low doped base. For compar-
region. Hence any impurities, such as carbon and oxygen, attban, Fig. 3(b) shows Gummel plots for five transistors with a
growth interface will have little effect on the transistor charadiigh doped base, but a negative valuexofl he collector char-
teristics. acteristics are very different than those in Fig. 2(b) for the tran-

lll. RESULTS
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Fig. 2. Gummel plots on five different chip sites for transistors with a lowy. ) . . . . .

doped base: (a) positive; (b) negativen. "hg. 3. Gummel plots on five different chip sites for transistors with a high

doped base: (a) positive; (b) negativex.

sistors with a low doped base. In this case, the collector charac 197 : i . . :
teristics are ideal, with an ideality factor of 1.00, and show no @ high doped base measured

< low doped base measured
evidence of emitter/collector leakage. The base characterlstch 10° | — P-Ftheory
show increased emitter/base leakage with an ideality factor of< ——- SRH + TAT theory

1.38 on the best transistor and 1.39 on the worst transistor at g
base/emitter voltage of 0.55 V. These values of base currentide & £
ality factor are better than those in Fig. 2(b) for the transistors 3

negative o

~10

with a low doped base and are also less variable. Q 210" o

Fig. 4 shows typical reverse emitter/base diode characteristic: @ ’0,‘
for transistors with high and low doped bases and positive anc ® i | f
negative values ofr. The devices with a positive value of o 9 & 8O- o c®
have a leakage current of around 1-2 pA at a reverse bias of . A 4072 &= 6"",_ 3
V, compared with 1-2 nA for the devices with a negative value " T posntlve o
of . The shapes of the_characterlstlcs for positive and negative 10 05 10 15 20 25 30 35 a0
« are also different, which suggests that different mechanisms Emitter/base voltage (V)

control the reverse diode current in the two cases. For positive

the slopes of the characteristics increase on going from a reverges. Measured and theoretical emitter/base reverse diode characteristics for
bias of 1 V to 4V, while for negative, the slopes decrease ovetransistors with high and low doped bases and positive and negative

the same bias range. Theoretical curves are also shown which
will be discussed later in the paper.

sults were obtained for devices with a high doped base. For pos-

Fig. 5 shows the temperature dependence of the emitter/base «, the slopes of the characteristics vary very weakly with

diode reverse current for positive and negative values. &te-

reverse bias; activation energies of 0.38, 0.38 and 0.35 eV are

sults are shown for devices with a low doped base, but similar btained for emitter/base reverse biases of 1, 2 ,and 3 V respec-
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Fig. 5. Temperature dependence of the emitter/base diode reverse leakag 10 "
current for transistors with a low doped base. Plots are shown for emitter/base AChip1
reverse biases of 1, 2, and 3 V. - ¥ Chip2
< 10° L ©Chip3
- mChip4
tively. For negativey, the slopes of the characteristics vary sig- 'dl:'; Och S et theory
nificantly with emitter/base reverse bias, indicating a field de- "..=: 107
pendent leakage current. Activation energies of 0.34, 0.24, anc ©
0.20 eV are obtained for emitter/base reverse biases of 1, 2, an § »
3V respectively. These results indicate that a strongly field-de- € 19
pendent mechanism controls the emitter/base reverse current 2
of devices with negative: and a weakly field-dependent mech- g 10°
anism for transistors with positive.
Fig. 6(a) shows reverse collector/base diode characteristics o 4 > . ’ ‘
for transistors with high and low doped bases and positive andb 10 05 1.0 15 20 25 30 35 4.0
negative values af. The collector/base reverse diode character-® Collector/base voltage (V)

Istics of the two transistors W_Ith negatlmre, S',m",ar m, shape Fig. 6. Comparison of measured and theoretical collector/base reverse diode
to the emitter/base reverse diode characteristics in Fig. 4 for §ngracteristics. (a) Results for transistors with high and low doped bases and
negativex transistors. In particular, the slopes of the characteesitive and negativer. (b) Characteristics on five different chip sites for
istics decrease on going from a reverse bias of 1 V to 3 V. Fj"sistors with positive: and a high doped base.
the transistors with positive, the collector/base reverse cur-

rents are lower, but there is some variability in the magnitudes 107 ‘ ' ;
of the currents and the shapes of the characteristics, as shown i
Fig. 6(b) for five different positiver devices with a high doped
base. The cause of this variability will be discussed later in the
paper.

Fig. 7 shows the temperature dependence of the col-
lector/base diode reverse diode current for positive and negative
« transistors with a low doped base. For negatiy¢he slopes
of the characteristics vary significantly with collector/base
reverse bias, indicating a leakage current mechanism with ag
strong field dependence. Activation energies of 0.36, 0.24, and© :x:x
0.19 eV are obtained for emitter/base reverse biases of 1, 2 OV=3Y
and 3 V respectively. These values of activation energy are 19 ‘ ; .
very similar to those obtained for the equivalent emitter/base 0.0026  0.0028 ] ,.?.'0?(32 0.0032  0.0034
diodes with negativex. For positivex, the characteristics show (K"

a small field depe_ndence; activation energies of 0'_45’ 0.42 aﬂ% 7. Temperature dependence of the collector/base diode reverse leakage
0.38 eV are obtained for collector/base reverse biases of lgudent for transistors with a low doped base. Plots are shown for emitter/base
and 3 V respectively. For transistors with a high doped baserse biases of 1, 2, and 3 V.

and negativer the results are very similar indicating the same

process as for the low doped base devices. For positjve Fig. 8(a) shows a typical cross-section TEM image of a com-
field dependence is seen, with activation energies of 0.53, 0,f&te SiGe HBT with a high doped base. The figure shows that
and 0.41 eV for collector/base reverse biases of 1, 2, and 3hé Si and SiGe layers have grown as single-crystal material in
respectively. the middle of the device, but as polycrystalline material over the

10° |

reverse current (A)

—h
o
&
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using lifetimes of 2.45 ns and 1.43 ms, respectively. The large
value for the TAT lifetime could suggest that generation is actu-
ally occurring at discrete sites within the active area, implying a
smaller effective area for the leakage. The tunneling step of the
TAT mechanism is most likely to occur close to the higher doped
base side of the junction where the field is highest. We would
suggest therefore that this leakage current arises from tunneling
of valence band electrons from the base, into mid gap traps, with
Fig. 8. Cross-sectional TEM images of the transistor structure. subsequent emission to the conduction band. The TAT mecha-
nism is frequently observed in epitaxial base SiGe HBTs [15]

field oxide. Away from the field oxide layer, the SiGe layer iand can be taken as an indication that the emitter/base junction

uniform in thickness, with a value of 46 nm. However, as thg Of réasonable quality. o _ _
SiGe layer approaches the field oxide, the thickness initially in- Transistors with negative show significantly higher emitter/

creases and then decreases. Similarly, the thickness of the wiage leakage currents than transistors with positjwes shown

SEG/NSEG stack decreases as it passes over the edge of the fiefd9- 4- The field dependent activation energy obtained for
oxide. The transition from polycrystalline to single-crystal manese devices in Fig. 5 suggests a P-F mechanism. The theoret-
terial occurs in the vicinity of the edge of the oxide layer, witfcal CUrves in Fig. 4 show that for negatiugthe voltage depen-

the polycrystalline material extending slightly inside the oxid@€nce of the reverse emitter/base diode leakage can be well de-
window and partly over the sidewall of the field oxide. Thesgcribed by a P—F mechanism alone, using a lifetine: 2.8 ns.
effects are shown more clearly in Fig. 8(b), which shows a mag@0le—Frenkel is often seen in thin film transistors, where p-n
nified image of the perimeter of a transistor with a low dopelnctions are formed in polycrystalline silicon [16]. This sug-
base. It is observed that the top of the sidewall of the field oxi@Sts that the emitter/base leakage currentin the negatiae-

is in contact with polycrystalline material, whereas the bottoff{Stors i caused by the polycrystalline material at the emitter
is in contact with single-crystal material. periphery as shown in Fig. 9. When th& polysilicon contact

is bigger than the collector active area, the formation of the ex-
trinsic base relies on the lateral diffusion of boron during the
emitter anneal. In the negativetransistors, the diffusion of the
Transistors with positivex show near-ideal Gummel plots,boron into the single-crystal silicon at the emitter perimeter may
with no evidence of emitter/collector leakage, and only residuia¢ insufficient, so that the emitter/base depletion region pene-
emitter/base leakage. In these devices, tieeptrinsic base trates into the p polysilicon. Measurements on devices with
implant penetrates into the single-crystal Si and SiGe aroudifferent values ofx indicate that emitter/base leakage is ini-
the emitter perimeter. Hence the transition region from polyially seen when the 1 polysilicon contact overlaps the field
crystalline to single-crystal silicon at the emitter perimeteyxide by about 0.3:m for an emitter anneal of 60 s at 976
is over-doped p-type during the extrinsic base implant. This about 0.1:m for an emitter anneal of 60 s at 96Q.
p-type doping is effective in suppressing the emitter/collector The mechanisms controlling the collector/base leakage cur-
and emitter/base leakage currents that are seen in the transistmsare considered in Fig. 6(a), where again, the measured char-
with negativec. acteristics are compared with theoretical models [15]. The tran-
The mechanisms responsible for the leakage current haistors with negativer can be reasonably well described by a
been investigated by comparing with theoretical curves usiRg-F mechanism (lifetime 1.0 ns), with a band to band tunneling
the approach of Hurket al.[15]. Good fits have been obtained(BBT) component becoming dominant at higher bias. The P—F
with appropriate mixtures of the mechanisms Shockley—Reaghechanism was also observed in the emitter/base leakage of the
Hall recombination (SRH), trap assisted tunneling (TAT)}ransistors with negative, and was explained by the penetra-
Poole—Frenkel (P-F) and band to band tunneling (BBT). Thien of the emitter/base depletion region into thiegmolysilicon
strategy applied in this work was to use the generation lifetinextrinsic base. The proposed explanation for the collector/base
74 as the only fitting parameter. Reasonably, SRH recorteakage in the transistors with negativas the intersection of
bination, TAT and BBT are expected to be area dependetite collector/base depletion region with the polysilicon material
hence the active area of the device (1282) was used in on the sidewall of the field oxide.
fitting these components. The P—F component is expected td-or positive«, transistors with low and high doped bases
be related to the polysilicon regions so an effective annulshow different behavior, as shown in Fig. 6(a). The character-
area at the perimeter was defined, of width:th estimated istic of the transistor with a high doped base can be very well
from the nominal spacing af. The value of this effective areadescribed by SRH recombination at low bias and trap assisted
was 56pm?. Full details of the equations used to calculate thenneling at high bias, with, = 0.1 and 0.02 ns for SRH and
theoretical curves are given in the Appendix. TAT respectively. However, there is considerable variation in the
The mechanisms responsible for the emitter/base leakage@iector/base characteristics of these transistors, as was shown
investigated in Fig. 4, where the measured reverse leakag@niEig. 6(b). A combination of the P—F and BBT mechanisms al-
compared with theoretical curves. For positivadevices, the lows good fits to be obtained for both the best and worst cases.
voltage dependence can be well described by SRH recombiRés were obtained by the use of the direct BBT mechanism for
tion at low voltages and trap-assisted tunneling at high voltag#ise worst case and indirect (phononassisted) BBT for the best

'
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case. The difference in formulation for these two cases is to be
found in the pre-exponential factor [17]. The characteristic of
the transistor with a low doped base in Fig. 6(a) can be reason
ably well described by a Poole—Frenkel mechanism, with a life-
time7, = 1.9 ns. Results on five different transistors with a low
doped base showed that the Poole—Frenkel mechanism was co
sistently seen over the five chips measured although with slight
variations in lifetime. thraugh

The evidence of the Poole—Frenkel mechanism in the col- o ) ) o )
lectoribase characteristics of many of the positieransis- -5, 5, Sehemalc dagram llustaing he oighn of e the eniterlase
tors suggests that the collector/base depletion region is intetector leakage current on transistors with negativand a low doped base.
secting the polysilicon grains on the sidewall of the field oxide.

This in turn implies that the extrinsic base implant is not pen@e transport was responsible for the vatiations in SiGe thickness,
trating beyond the polysilicon grains on the sidewall of the field more uniform base could be obtained by growing the SiGe ata
oxide. The variability in the collector/base characteristics coujgywer temperature to reduce the mobility of the Ge.

then be explained by variations in the size, location and doping

of the sidewall grains. For example, the difference in the tun- V. CONCLUSIONS

neling mode in Fig. 6(b) could be due to variations in the base _. . . . :
doping concentrations associated with boron out diffusion fro¥n SiGe H,BTS have been fabrllcated using selective epitaxy
the sidewall grains. Similarly the SR# TAT mechanisms in or the Si collector, followed in the same growth step by

the positivex device in Fig. 6(a) could be explained if the Sideponselective epitaxy for the'pSiGe base and n-Si emitter cap.

wall grain in this device was small so that the extrinsic ba%-réﬂs approach has the advantage of eliminating the requirement

implant penetrated beyond the sidewall grain. or separate Si collector and SiGe base epitaxy steps and

There are a number of growth factors that could have cofr%)-r separate trench and LOCOS isolation. Transistors with

tributed to the presence of the polysilicon material on the sid%(?"jlr"de"’II Gummel plots are obtained provided the extrinsic

wall of the field oxide. First, the thickness of the SEG/NSEQ2SE implant penetrates into the single-crystal Si and SiGe

stack has been found to decrease as it passes over the ed aero&nd the perimeter of the emitter. In this situation, the

the field oxide. This might be due to a decrease in the gro trinsic base implant over-dopes the transition region from

rate at the window edge during the selective epitaxy. As a Congg_lycrystalllne to single-crystal silicon at the emitter perimeter

quence at the perimeter, the oxide window might not have be%%?o?sllwas:zstﬁg t:s'[t::irllls?: Lé)g:ses i?:l I(Iasnktagﬁl Curer:(ralgtt?étlenstzr?{]o
completely filled with silicon at the beginning of the nonselec; . o P y P
. = the polysilicon extrinsic base, leakage currents are observed
tive growth step. Second, selectivity of the growth could have . . ) .

. . ' _Wwhich depend on the base doping level. In transistors with
been lost before the oxide window was completely filled wit

silicon. This would lead to the nucleation of polysilicon on theW doped bases, emitter/collector and emitter/base leakage is

sidewall of the field oxide as was seen in the TEM images. Trc])gserved, whereas in transistors with high doped bases only

thickness of selective Si epitaxy achievable with the silane-o Ffmltter/collector leakage is observed. The emitter/collector

process is determined primarily by the growth temperature. Ig akage has been explained by punch-through at the perimeter

periments at a higher growth temperature have shown that ())(feghe base due to thinning of the SiGe layer. The emitter/base

lective Si layers of thickness 1,2m can be successfully grown eakage can be fitted by a Poole—Frenkel mechanism, which has
at 950°C y y9 been explained by the penetration of the emitter/base depletion

Figs. 2(b) and 3(b) showed that transistors with negam'veregion into the ¢ extrinsic base polysilicon at the perimeter
) %fr the emitter. Variable collector/base leakage currents have

and a low base doping concentration exhibited emitter/collec i .
) : . . een observed due to the presence of polysilicon grains on the
leakage, whereas transistors with negativand a high base . . . .
sidewall of the field oxide at the collector perimeter.

doping concentration did not. The proposed explanation for
this behavior is punch-through at the emitter perimeter due to
the thinning of the SiGe base, as illustrated in Fig. 9. This only
occurs for negative values af because for positive values®f The equations used in the fitting to experimental data are de-
the perimeter of the emitter is overdoped p-type by the extrindailed in this Appendix.

base implant. The emitter/collector leakage is not observed in i) Shockley—Read—Hall (SRH) generation:

transistors with a high base doping concentration because the

doping is sufficiently high to suppress punch-through of the o 1 n; W (A1)
base. The thinning of the SiGe base adjacent to the field oxide gen = o ng

is accompanied by a thickening of the SiGe base on moving

further away from the field oxide, as shown in Fig. 8(b). Similar where

behavior was observed by Kamietal.[18], and was attributed ¢ electronic charge;

to the faster growth rate of selective SiGe near feature edges;  intrinsic carrier concentration (value for Si was as-
due to an increased local partial pressure of the Ge-containing sumed);

species due to lateral transport of depositing materials. If lateralr, ~ minority carrier generation lifetime;

EB depkehion
regon
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W depletion width with voltage dependen&/?, as-
suming constant doping.
i) Trap-assisted tunneling [5]:

2 2
qni .Y 13 EWo

Jrar =V3r — W= > — >0

TAT 7T2Tg ¢ €xp <,y> €xp <’YW>

(A2)

24m*(kT)3
V=
qh

where
zero bias depletion width;
£ electric field,;

m* effective mass (taken as 0.18 times the free electron

mass);
k is Boltzmann’s constant;
T is absolute temperature;
h is Plank’s constant.
iii) Poole—Frenkel generation mechanism [19]:

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

Coulombic mid-gap traps, well spaced within the de- [9]

pletion region were assumed:

Jpr :2572 %/4 exp (/31/,,1/4) - /3% (exp (/31/,,1/4) - 1)

(A3)

|:2q1VB:| 12
o=
€0E s

o= [

- 2.3.3
kKT | m2ege?

Npg doping concentration of the low doped side of the

junction.
iv) Band-to-band tunneling [15], [17]:

Jopr =Crpr - Vi - F M 'eXP<_£o>

Em
Chpr =c-q
where
&,  =1.93x 10° Vim;
c =5 x 10 cm Y2V —5/2571 (best case): & 10'7
cm—1/2V—3/25~1 (worst case);
o = 3/2 for direct or 1 for or indirect tunneling;

&y maximum field;
Vi built in voltage of the junction.

ACKNOWLEDGMENT

The authors would like to acknowledge the staff of th
Southampton University clean room for fabrication of th

devices.

(10]

(11]

(12]

(13]

14]
(15]

[16]

(17]

(18]

[19]

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 48, NO. 11, NOVEMBER 2001

REFERENCES

S. S.lyer, G. L. Patton, J. M. C. Stork, B. S. Meyerson, and D. L. Harame,
“Heterojunction bipolar transistors using SiGe alloyslEEE Trans.
Electron Devicesvol. 36, pp. 2043-2064, 1989.

C. A.King, J. L. Hoyt, and J. F. Gibbons, “Bandgap and transport prop-
erties of Sj_,Ge, by analysis of nearly ideal Si/Si,.Ge, hetero-
junction bipolar transistorsJEEE Trans. Electron Devicesol. 36, pp.
2093-2104, 1989.

K. Oda, E. Ohue, M. Tanabe, H. Shimamoto, T. Onai, and K. Washio,
“130GHz fr SiGe HBT technology,” inEDM Tech. Dig, 1997, pp.
791-794.

A. Schiippen, U. Erben, A. Gruhle, H. Kibbel, H. Schumacher, and U.
Konig, “Enhanced SiGe heterojunction bipolar transistors with 160GHz
fmax," in IEDM Tech. Dig; 1995, pp. 743-746.

T. F. Meister, J. Schafer, M. Franosch, W. Molzer, K. Aufinger, U.
Scheler, C. Walz, M. Stolz, S. Boguth, and J. Bock, “SiGe base bipolar
technology with 74GHzf,,.x and 11ps gate delay,” ifEDM Tech.
Dig., 1995, pp. 739-742.

K. Washio, E. Ohue, K. Oda, M. Tanabe, H. Shimamoto, and T. Onai, “A
selective epitaxial SiGe HBT with SMI electrodes featuring 9.3ps ECL
gate delay,” inEDM Tech. Dig, 1997, pp. 795-798.

D. L. Harame, J. H. Comfort, J. D. Cressler, E. F. Crabbé, J. Y.-C. Sun,
B. S. Meyerson, and T. Tice, “Si/SiGe epitaxial base transistors—Part
II: Process integration and analog applicatiodEEE Trans. Electron
Devicesvol. 42, pp. 469-482, Mar. 1995.

J. A. del Alamo and R. M. Swanson, “Forward biased tunneling: A
limitation to bipolar device scaling,[EEE Electron Device Lettvol.
EDL-7, pp. 629-631, 1986.

D. L. Harame, J. H. Comfort, J. D. Cressler, E. F. Crabbé, J. Y.-C. Sun,
B. S. Meyerson, and T. Tice, “Si/SiGe epitaxial base transistors—Part I:
Materials, physics and circuitslEEE Trans. Electron Devicesol. 42,

pp. 455468, Mar. 1995.

D. C. Ahigren, D. A. Sunderland, M. M. Gilbert, D. R. Greenberg, S.- J.
Jeng, J. C. Malinowski, D. Nguyen-Ngoc, K. J. Stein, D. L. Harame, and
B. Meyerson, “A SiGe HBT technology for the wireless marketplace,”
in Proc. ESSDERC1996, pp. 453-460.

D. Terpstra, W. B. De Boer, and J. W. Slotboom, “High performance
Si-SiGe HBTSs: SiGe technology development in ESPRIT project 8001
TIBIA: An overview,” Solid State Electronvol. 41, pp. 1493-1502,
1997.

R. Gotzfried, F. Beisswanger, S. Gerlach, A. Schuppen, H. Dietrich,
U. Seiler, K.-H. Bach, and J. Albers, “RFIC’s for mobile communica-
tion systems using SiGe bipolar technologfgEE Trans. Microwave
Theory Tech.vol. 46, pp. 661-668, 1998.

G. J. Parker and C. M. K. Starbuck, “Selective silicon epitaxial growth
by LPCVD using silane,Electron. Lett, vol. 26, p. 831, 1990.

A. Ishitani, N. Endo, and H. Tsuya, “Local loading effect in selective Si
epitaxy,”Jpn. Jnl. App. Physvol. 23, pp. L391-1393, 1984.

G. A. M. Hurkx, H. C. deGraaff, W. J. Kloosterman, and M. P. G. Knu-
vers, “A novel compact model description of reverse biased diode char-
acteristics including tunnelling,” iRroc. ESSDER1990, pp. 49-52.

L. Colalongo, M. Valdinoci, G. Baccarani, P. Migliorato, G. Tallarida,
and C. Reita, “Leakage currents in polysilicon TFT’s: Experiments and
interpretation,” inProc. ESSDERC '96p. 415-418.

E. O. Kane, “Theory of tunneling,J. Appl. Phys.vol. 32, pp. 83-91,
1961.

T. 1. Kamins, D. W. Voek, P. K. Yu, and J. E. Turner, “Kinetics of selec-
tive epitaxial deposition of $i,.Ge,,” Appl. Phys. Lett.vol. 61, pp.
669-671, 1992.

L. J. Mc Daid, S. Hall, W. Eccleston, and J. C. Alderman, “The origin of
the anomalous off-current in SOI transistors,Piroc. ESSDERC1989,

pp. 759-762.

J. F. W. Schiz received the degree in electronics
and electrical engineering from the University of
Karlsruhe, Karlsruhe, Germany, in 1995, and the
Ph.D. degree from the University of Southampton,
Southampton, U.K., in 1999, writing his dissertation
on the effect of fluorine in low thermal budget
polysilicon emitters for SiGe heterojunction bipolar
transistors.

His research interests include LPCVD growth of
SiGe and physics and technology of SiGe HBTSs.



SCHIZ et al. LEAKAGE CURRENT MECHANISMS IN SiGe HBTs 2499

Andrew C. Lamb received the B.Eng. degree in computer and microelectronftephen Hall (M'93) received the Ph.D. degree from the University of Liver-
systems in July 1996 from the University of Liverpool, U.K., where he is cupool, U.K., in 1987, for work on a new form of integrated injection logic in the

rently a research assistant pursuing the Ph.D. degree. GaAs/AlGaAs materials system.
His current research interests include modeling SiGe heterojunction bipolaHe then joined the lecturing staff, University of Liverpool, where he began
transistors and integrated injection logic. work on SOI materials characterization and device physics, subsequently ob-

taining funding to work in these areas on the SIMOX and oxidised porous Si sys-
tems. The work was in collaboration with U.K. university and industrial collab-
orators. Other areas of activity concerned fabrication and electrical assessment
Fuccio Cristiano received the B.Sc. degree in physics from the University d?f cobalt disilicide Schottky diodes together with silicon-germanium materials
Catania, ltaly, in 1991 and the Ph.D. degree from the University of Surrey, U./gharacterization and device physics for both bipolar transistor and MOSFET.
in 1998. The SiGe work currently concerns high performance analogue bipolar and new
From March 1994 to July 1996 and from July 1997 to August 1998, Whi@rms_of low voltagg Io_gic with particular inter_es_t in modeling and associated
reading for the Ph.D. degree, he was a Research Fellow in the Departmerii'gferials characterization. Current SOI work is in the area of low voltage/low
Electronic Engineering at the University of Surrey on the synthesis and chRBRWer integrated circuits where the aim is to address this topic from devices
acterization of SiGe alloy layers for heterojunction bipolar transistors. Frog#'d technology through logic circuit styles to architectures and algorithms, in
September 1998 to September 2000, he worked in the CEMES/CNRS |agglaboration with other UK. universities and industry. A related new activity
ratory of Toulouse, France, where he has been engaged in experimentaCRfIcerns very deep sub-micron vertical MOSFET's.
search on defect formation and evolution in ion implanted silicon and their role
in nonequilibrium dopant diffusion. He joined the LAAS/CNRS laboratory of
Toulouse as Staff Scientist in October 2000, where he is continuing his research
in diffusion phenomena in ion implanted silicon and their impact on the mi-
crotechnology domain.

Peter L. F. Hemment (M'84) holds a University
Professorial Research Fellowship in the School of
Electronic Engineering, Information Technology
and Mathematics. He has 30 years experience of
semiconductor processing, specializing in the appli-
cation of ion beams for the modification and analysis
of silicon and related materials. His research initially
caused him to address the engineering issues of close
control, purity, and uniformity, then during the 1980s
he investigated compound synthesis by high dose
reactive ion implantation and was instrumental in the
0(’J«@/elopment of SOI/SIMOX technology. He is internationally recognized for
his contribution to the development of SIMOX technology. Subsequently, he
has investigated applications of SOl materials and his current research interest
is the generation and control of extended defects in synthesised Si/SiGe/Si
heterostructures, suitable for MOS and BiPolar device applications, formed
Peter Ashburn was born in Rotherham, U.K., in by Ge+ implantation into silicon. He has acted as a consultant to the silicon
1950. He received the B.Sc. degree in electricahdustry and has played an active role in the management of major EU programs
and electronic engineering in 1971 and the Ph.DAdequat, SUSTAIN) and currently participates in EPSRC (SiGeHBT, SOl
degree in 1974, both from the University of Leedspower) and EU projects (SiGMOS/EURACCESS).
U.K. His dissertation topic was an experimental and
theoretical study of radiation damage in silicon p—n
junctions.

In 1974, he joined the technical staff of Philips Re-
search Laboratories and worked initially on ion im-
planted integrated circuit bipolar transistors, and then
on electron lithography for sub-micron integrated cir-
cuits. In 1978, he joined the academic staff of the Department of Electronics
and Computer Science, University of Southampton, U.K., as a Lecturer, and
currently is the holder of a Personal Chair in Microelectronics. Since taking
up a post at Southampton University, he has worked on polysilicon emitter
bipolar transistors, high-speed bipolar and BiCMOS technologies, gate delay
expressions for bipolar circuits and the effects of fluorine in polysilicon emitters.
His current research interests include SiGe heterojunction bipolar transistors,
SiGeC and its device applications and vertical MOS transistors for application
in sub-100 nm CMOS technology. He has authored and coauthored over 120
papers in the technical literature, given invited papers on polysilicon emitters
and SiGe heterojunction bipolar transistors and has authored a book on bipolar
transistors.

J. M. Bonar received the B.A. degree in physics from Reed College, Portla
OR, the M.Sc. degree in materials science from Stevens Institute of Technol
Hoboken, NJ, and the Ph.D. from the Department of Electronics and Co
puter Science, University of Southampton, Southampton, U.K., for researc|
process development in LPCVD growth.

Her research interests include LPCVD growth and structural characterizat
of Si and SiGe for devices, and diffusion in SiGe. She has over 55 publicati
in these and related areas.




