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Abstract—This paper presents measurements of the avalanche high collector doping. The accuracy of avalanche multiplica-
multiplication factor (M — 1) in SiGe HBT'’s using a new tech- tion models in either the traditional SPICE modeling [6] or
nique capable of separating the avalanche multiplication and qre complicated mixed-mode device/circuit simulation [5] is

Early effect contributions to the increase of collector current . . . . . .
with collector-base bias, as well as allowing safe measurements atCrltlcal to the device design of high linearity LNA and PA

practical current densities. The impact of collector doping, cur- Circuits.
rent density, Ge profile, and operation temperature are reported The avalanche multiplication factor in SiGe HBT's has been

for the first time using measured and simulated results from a recently measured in [7] using a forcég- technique that
production-quality UHV/CVD SiGe HBT technology. Limitations 510\y5 a safe extraction of the multiplication factor at much

of the technique in the presence of significant self-heating are | . . . .
discussed. By turning on the secondary hole impact ionization, higher bias and currents than with the conventional forcgd-

we revealed the difference in impact ionization between strained Method [2]. The technique in [7], however, did not explicitly
SiGe and Si in the presence of the “dead space” effect. Despite itsaccount for the Early effect, which makes the results inaccurate

smaller bandgap, the compressively strained SiGe layer shows anat low Vg, as shown below. We present here an improved

apparent decrefase in the secondary hole impact ionization rate M — 1 extraction technique capable of properly accounting
compared to Si.

for the Early effect, as well as a novel method to separate

Index Terms—Avalanche multiplication, “Dead space” effect, the avalanche multiplication and Early effect contributions

Early effect, HBT, impact ionization, nonequilibrium transport, 4 7. This separation is important for both accurate circuit

Sice. modeling and a basic physical understanding of device op-

eration, because of their very different impact on the base

I. INTRODUCTION and emitter currents, as will be detailed below. We present in

this work the measured results of multiplication factor from a

O realize optimum performance, SiGe HBT's are typi* . ; i ;
cally designed with heavily doped implanted collectorfroduction-quality UHV/CVD SiGe HBT technology. Guided

For practical circuits operating at either high collector currefy numerical simulation, we also explore the difference in-
density (Jc:) or high collector-base bia§Ver), avalanche avalanqhe multiplication rate by h_oles be_twgen_SlGe and Si
multiplication is an important effect that must be accurateRY turning on the secondary hole impact ionization.
measured and modeled. In digital applications, the avalanche

multiplication factor(M — 1) determines the breakdown volt-

age and the base current reversal voltage, which in turn Il. DEVICE TECHNOLOGY AND MEASUREMENT SETUP

determines the maximum power supply for stable logic oper-The devices were fabricated using a self-aligned epitaxial-
ation [1], [2]. In analog applications, avalanche multiplicatiopase technology [8]. Fig. 1 shows a schematic cross sec-
seriously degrades the output resistance of an amplifier [8bn of the device. The SiGe base is formed in an ultra-
In critical RF circuits such as power amplifiers (PA) and lowigh-vacuum/chemical vapor deposition (UHV/CVD) low-
noise amplifiers (LNA), the collector-base junction avalanchemperature epitaxy (LTE) system. Polysilicon deposited over
multiplication degrades the linearity of the circuit becausge field oxide during the LTE serves as the extrinsic base
of the resulting strong nonlinear feedback from the outpdbntact. Polysilicon-filled, closed-bottom, deep trenches isolate
(collector) to the input (base) [4], [5]. This is particularly theadjacent subcollectors, and the field oxide is fabricated using
case for state-of-the-art high-performance transistors featur@glanar shallow trench process. For standard devices in the
technology, the intrinsic collector was formed by a double
Manuscript received October 15, 1998; revised December 14, 1998. Timaplantation to realize high performance. Representative ver-
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Emitter TABLE |
Base Collector SUMMARY OF THE ELECTRICAL CHARACTERISTICS OF THEHIGH, MEDIUM, AND
Low N, SiGe HBT’s. THE DEVICE HAS Two 0.5 X 20 pm? EMITTER STRIPES
A L h : N
poly-Si Z //////////; High N, Medium N. | Low N,
n+ 2 //////7// Peaks 110 95 85
. L Peakf; (GHz) 51 33 16
7 7
Sf;;ilow Trench _, : //;/7////// Peakfmax (GHZ) 64 40 20
p-SiGe n+ ////Zi Ry (D@ I. =10 mA 8.9 10.2 10.7
BVepo (V) 3.3 5.3 7.5

n+

Deep Trench

[13], the equation fo] —1 calculation under the conventional

P fixed base-emitter voltage setup [2] was used
_Fig. 1._ S_chematic cross section of the UHV/CVD SiGe HBT used in this M_1= Al
|nvest|gat|on. IC _ AIB
Alg =1g(Vep =0) — I5(Vep). @)
— T T T 10.0
‘?'; 10% : ii(?s% ;:gg (Tapesoidal rofi) ) The use of the fixed base-emitter voltagé — 1 equation
[ VV'B(m;a”u",'gica”:g(,nm 475 - for fixed emitter current measurement setup is obviously
2 F | E incorrect because the base-emitter voltage decreases due to
‘§ 3 450 2 the Early effect, as confirmed by measurement. As a result,
£ 108k - £ the base current reduction terfig(Veg = 0) — Ig(Vep) is
% 1o L 125 6 no longer purely due to avalanche multiplication, but instead is
g F . a mixed result of the base-emitter voltage decrease which itself
10' 0 reduces/g, and the avalanche multiplication. Consequently,
0 200 Depf,?(znm) 800 800 M — 1 is overestimated when the fixed base-emitter voltage

- e dooi G los of VD SiG equation was used for fixed emitter current measurement setup.
Fig. 2. Representative doping an e profiles of a UHV/CVD SiGe HB i : : f
with double collector implantation (the highc: device). The correcti — 1 gquat_lon for the fixed emitter current
measurement setup is derived below, followed by experimental

verification.
no collector implant device as the high, medium and low
collector doping (N) SiGe HBT's, respectively. A. Theoretical Analysis

DC characteristics were measured on-wafer using an_l_0 measureM — 1 the collector-base Voltad&y; is
HP4155 with a probe station capable of operating from . oo g(a_ cB)
L swept at a fixed emitter currerif p), and the emitter-base
80 to 300 K, and ac characteristics were measured on- .
. . vPItage(VBE) is recorded. Because of the Early effethy
wafer using an HP8510C network analyzer. Key eIectrIC3ecrease:s with increasinig-g, thus decreasing the base cur-
characteristics, including the peak current gaii, peak cutoff B 9

frequency( fr), peak maximum oscillation freqUentym) rent injected into the emitter, and hence increasing the initial
q W), P q ma s current for avalanche multiplicatiofy;y,;;). To calculate the

the b istancg?;, ), and -b breakd It ) )
e base resistandef%,), and open-base breakdown voltagg ultiplication factor, we first need to determine the component

E(B\ZZSE(%?“{;;;S:J;:T?;;Z(B; (Izuﬁgéer Iol;ogr?]i%; (:tr:?lt(taesz)xgdthg; emitter current that recombines with holes before reaching
9 b he collector-base junction so as to determine the initial

vice with differen Il r ing. Two-dimensional (2-D o
device with different collector doping o-dimensional lectron current;,,;; for avalanche multiplication. For modern

numerical simulations using MEDICI [10] were performed t . L o Lo
. ; .—._{ransistors, hole injection into the emitter is far more significant
help understand experimental observations. The coefficiefts S

an neutral base recombination, and therefore one has

of physical models such as the bandgap narrowing (BG
‘cp=0 (2)

parameters in SiGe and Si used in the simulations were o = M I + IcBo Lt = Ig — I5(VBE)
calibrated such that both the dc and ac characteristics were ) ]
reproduced from simulation with reasonable accuracy. Vertid%{hefe Iepo Is the collector-base leakage current with a
SIMS doping and Ge profiles were used in the simulation, aff@ating emitter. The base current measured uridgs = 0
the lateral transition between the extrinsic and intrinsic baf® @ Var value recorded during thEcs sweep was used as

was determined by best fitting the measured and simulai& component of emitter current that recombines with holes
base resistance [11]. before reaching the collector-base junction. The essence of the

assumption is that for a virtual transistor without avalanche
multiplication, the base current is solely determinedVpy:.
This assumption is well satisfied for today’s Si and SiGe
We first derive the theoretical equations fdr— 1 extraction transistors with narrow base and shallow emitter, in which
under a fixed emitter current measurement setup including tihe hole injection into the emitter is far more significant
Early effect, which was not taken into account in our earlighan neutral base recombination current, even for devices
technique [7]. Although the measurement/df — 1 at fixed with evenly substantial neutral base recombination [14]. For
emitter current had been previously used in the literature [12]ansistors in which neutral base recombination dominates the

I1l. M EASUREMENT TECHNIQUE
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base current, the base doping needs to be much higher than 02— 11— 150
the collector doping to satisfy this assumption. In the latter o[ High-Nc SiGe HBT 300K 1
case, the sweep ¥ does not significantly affect the neutral o Ae=0.3x2 5y’ 1120 _
base boundary because most of the depletion occurs on the sm 10°° - 0 &
collector side, and therefore does not affect the neutral base = 5
recombination current. This assumption in fact is also made in o 10 80 g
the conventional fixedgg multiplication factor measurement 10710 30
technique [2]. prl , , , , o
The multiplication factorM/ —1 is then extracted from (2) as 0.4 o.sB o.g mmg':vmtg'a 09 10
e — Iepo ase— ge (V)
M-1= Ip— IB(VBE) A - L 3) Fig. 3H Gutr;r:mel I::hatiractezs;ics of a tytpical z|?hf1« Sir(]Bte HBTh. Theﬂ:eft .
‘B= axis snows the collector an ase currents, an € rignt axis snows tne curren
Next, we extract the Early effect fact®iz,,1, which is related gain.
to the initial currentl;,;; by the following definition:
0

Iinit = Ic(VBE)|vep =0 X FRarly- (4) ; " ]Hislzth; slic;re |'uayrI | - '\
Another description of this equation is that the electron current S8 107 1~ Ae=0.5x2.8um” 300K l ]
at the collector-base junction boundary increases With E 102 |- ]
by a factor of Fiayy. The Fpa.y factor is related to the 5 catastrophic
conventional Early voltaggV,y) through Fiay, = 1 + 5 0% . Natw technigue (=45}
Ver/Va. Experimentally it has been established that the = 10 1 ,,'\ To (T;he‘efh"r:q‘-m"g](\',ﬁf]“f)
traditional “Early voltage” approach to the modeling of Early E . o techmiaue 2] (Vae=0.75%
effect is not sufficient to model the output resistance for analog = o8l
circuits [15]. The determination of the Early voltage can be 00 1.0 20 30 40 50 60 7.0
very difficult in practice because: 1) the outplt — Ve Collector-Base Voltage (V)

curve usually deviates from linear, and 2) the intersection pfy. 4. Measured(A — 1)~(Vep) using the conventional forcelsg
the extrapolated. curve with Vg axis is a function of bias technique, the forcedy. technique proposed in [1], and the new technique
[16]. The technique here allows a direct measurement of tHi@Posed in this work.

Early effect factor as a function of bias. From (2) to (4), one

has axis shows the current gain. Fig. 4 compares the multiplication
Ip — Ip(VBE)|veg =0 factor M — 1 versus(Vcp) extracted using the conventional
Fearty —1 = Ic(VaE)|ven =0 -1 (5) forced¥sg technique [2], the forcedg technique introduced
) in [7], and the new forcedy technique presented here. With
A separate measurement &f and I with Vog = 0 at

he V- | ded duri he fixdd- 1/ Early effect correction, more accurate results at la&ss are
the Ve values recorded during the fixdd- Vop SWeeP qyained and the advantage of safe extraction at figh
determinesM — 1 and Fgany — 1 from (3) and (5).

o K wh q he Earl f_fand Jc is retained. Catastrophic thermal breakdown occurs
he may ask why we need to separate the Early efiggf ., the conventional technique is used, due to the positive

and ayalanche mullt;pllca'uon effectTlf they botrr:. have t,ZFéedback of self-heating oy at fixed Vip.
same |_mpa(l:3t_ on dco ector curren; 0 answer t_|s, consi erFig. 5 shows the measureldsy change during the/cg
a transistor biased at certaifsp, and now imagine IncreaSIngSweepfortwo different emitter currents. Cleakyy, decreases

the collector bias. The Early effect results in an increase Wih increasingVs, because a highérg leads to a higher
both the collector current density) and the emitter current initial current due 'Eo the Early effect. Whe¥t increases

density(/iz), with no change in the base current densify,) Veg has to decrease to maintain the total amount f The
for a transistor without neutral base recombination. Physically, of Vs change during théd/es sweep under fixed-
the minority carrier distribution in the base is changed, whic | is a direct measure of the Early effect. Fig. 6 shows the

results in an increase in both tr_\e_ emitter current and t © w1y — 1 and M — 1 corresponding to Fig. 5. The measured
collector current. Ava_lanche multlphcatlon.,_howe_ver, by 't%arly effect factor is larger at higher bias current, and the
very nafure, results in not only an additional increase Weasured multiplication factor is about the same for these

JC’, but also a d(:]crease ”,ﬂB by tf?e S%mle amognIIThe _two bias currents. Possible reasons for the observed current
emltter_ currer_wg, owever, Is nota eqte - In practical circutt ependence include the self-heating induced collector current
operation, this creates a strong nonlinear feedback from H

i . ) #€rease, and the free carrier induced neutral base boundary
outpu_t to the input for common-emitter operation [5], and 'Shift. The I increase due to Early effect is considerably
thus important. larger than that due to avalanche multiplicatiorVat; < 2 V.

At low Vg values, there is physically no impact ionization
taking place because the maximum possible kinetic energy in
Fig. 3 shows the Gummel characteristics of a typitélx the absence of scattering is less than the threshold for impact
2.5 um? high-N- SiGe HBT used in this investigation. Theionization. The values ol — 1 extracted are thus due to the
left axis shows the collector and base currents, and the ridimite amount of collector-base conductance due to neutral base

B. Experimental Verification
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0.000 ~= . : : . 15— 111
) i LT ] | High-N SiGe HBT
= Tl Ag=0.5x2.5um? Vge=0.7V
‘i -0.002 |- S B 13| Measured
?t: | High-N; SiGe HBT S . | = - - - Early Effect Only
o Ag=0.5x2.5um? 300K . = - — — Early Effect+Avalanche Mult,
> -0.004 - ] -
| le=1pA .
w L - - - 1g=500A v

—0.006 | | | | s | | i L )

00 10 20 30 40 50 ogt— 1 11
Collector-Base Voltage (V) 0.0 1.0 2.0 3.0 4.0 5.0

Ves (V)

Fig. 7. Comparison of -—Vg at fixed Vgg, of 0.7 V calculated from the

measuredfi,,1, and M — 1 at fixed /. using (6) with directly measured

Io—Vop at Vg of 0.7 V. In this manner, the individual contributions of
10° I —T T Early effect and avalanche multiplication to the increase of collector current

Fig. 5. Vgg change during the fixedz: Vo sweep forl; = 1 and 50uA.

can be separated.
— 107
= 2
g 1o r le=1uA 0.02 ————— e —
s - - - Ig=50pA L .
L 1073 High-N SiGe HBT—| 0.01 =
5 Ap=0.5x2.5um? 300K |
L 10—4 — T 0.00 FearyX(M-1)x8=1 —
. | | 3 - High-N¢ SiGe HBT Iy reverses sign
10 : £ _0.01 - Ag=05x2.5im? Vgg=0.7V .
0.0 1.0 2.0 3.0 4.0 5.0 | Measured 4
Collector-Base Voltage (V) _g.02 | - - - Reproduced B
Fig. 6. Measured —1 andFga.,1y —1—Ver) from (3) and (5) forlp; = 1 ~0.03 I L L |
and 50 pA. 00 10 20 30 40 50

Veg (V)
recombination. This limitation is common to all the existin 'ga&regﬁgfggg X%B_'fgﬁfs:egxfg‘J;ﬁ]gf(%7w\i/tﬁﬂﬁgﬁgdnloarzut:'e%
M —1 extraction methods, and for this very reason, Aie-1 7,V at Vg of 0.7 V.
below Vg of 1V is usually not plotted in measurements using
the conventional fixed4gg technique [2].

For further verification, we apply ther..;, —1 andM —1 decreases monotonically with increasiigg, which implies
measured under forcell; operation to reproduce the forced-that self-heating is not significant in this case as far as its effect
Vg output I on the base current reduction is concerned. In the presence

of significant self-heating, the junction temperature increases
Ie(Ver)lves = Io(Ver)lvep=o X Frany X M. (6) o Qi]ncreasingVCB, Whigh WOl]J|d result in g local increase
The results are shown in Fig. 7, and the reproduction agre¥ase current at lowg when measured under forcééy:
well with the values directly measured under fordgg: mode. Special care needs to be taken to extiéet 1 at high
operation. The base current decreases with increabifng current densities, as discussed below. From (7), we can easily
by an amount equal to the avalanche multiplication generatéetermine the condition for the base current to reverse its sign
electron current

IB(VBE) ‘0B :IB(VBE) ‘=0 — IC(VBE)
X Frany X (M —1). (7) The base current is positive below the base current reversal

The avalanche multiplication induced base current redu\cl:c—)Itage at which (8) holds, and becomes negative above this

tion equals Ic(Vagr)|vop=0 X Fray X (M — 1) where voltage.
1c(VBE)|ves =0 X Frarty Qives the initial current for avalanche
multiplication. The open emitter curreftgo in these devices

is extremely small fA level) and therefore can be safely
neglected. The calculated base current change during fhe
forced¥pr sweep from (7) using the measuréd .., and At the high current densities and highcg which may

M — 1 extracted from the forcedr sweep agrees well with cause significant self-heating, substantial errors may result
the values directly measured under fordéggz: sweep, as from using the proposed technique as is. The difficulty lies
shown in Fig. 8. The individual contributions of Early effecin the inaccurate estimation of the emitter component that
and avalanche multiplication are clearly and properly revealegcombines with holes before reaching the collector-base space
in this way for the first time. Note that the base currertharge region (CB-SCR). Without self-heating, this current

i

=0 X FEarly X (M-1)=1. (8)

‘cp=0

IV. DISCUSSION

Effects of Self-Heating
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component was determined using the base current measured
at the Vgg values recorded during the fixdg- Vog sweep.
With significant self-heating, the hole injection into the emitter

—h
bl

depends on not onlygsg, but alsoVeg through the junction 1072

temperature. A simple fix, however, exists if thg — 1 o

H H i ‘Y —— High N SiGe HBT

is higher than the reciprocal ¢f. In actual measurements, 10 - Medium No Ap0.5x20x2um?

one can identify this by comparing the measufed I — 1
with the reciprocal of3. The initial current/;,,;; can then be
approximated by the emitter curreht, andl-/Ir —1 can be

— — Low N¢ Je=1pAlum?
300K

Early Effect Factor Fggpy~1

i 1 ; . 1 —4 L i L L L 1 L 1 L | L
approximated ag/ — 1. Insight can be gained by expressing 0 00 10 20 30 40 50 6.0
M in a different manner Collector-Base Voltage (V)

Fig. 9. Early effect factof Fr..1y — 1)-Vop for three different collector
M= Ic doping profiles.
Ie — Is(VBE)|Ves —0,7(ven)
_ e R T e . ‘
§E — (1 = 1/8(VBE)|lvew,7(Ver) % w00l . ;Et:u”nf Ne
C e — — LowN
=7 L+ 1/B(Ver)lves 1(ves))- 9) S 107 scewsr
B W o] Ae=0sx20x2um? .-
g 107 - JE=1uAIpm2 L
w _ 300K .
When (Ic/Ig) > 14 1/B8(Vag)|ves m(ves). ONE can safely 8 107° - . -7
neglect thel/B(Ver)|ve,,r(ves) term. For instance, if the £ 104 L //
current gain is around 10Q/~/Ig) = 1.1, the M value 2 108 \ ' | Y 1
ob'Fanjed by neglecting .th]a/_/}(VBE). on, T(Vop) t€FMis 1.1, 00 10 20 30 40 50 60
This is a good approximation to its actual value bf x Collector-Base Voltage (V)

(1+1/100) = 1.111. 1/8(Var)|ves,r(ves) IN principle is a
; : e ' A : Fig. 10. Multiplication factor(M — 1)-Vp for three different collector
function of the current density ant-g due to its junction doping profiles.

temperature and Early effect dependence. However, as long as

the measuredc /I is far larger thanl/ 3(VBe)|ves, 7(Ves)s .

one can simply takel; as the initial current, and takeB. Impact of Collector Doping

I /Ir—1asM—1, with little error introduced. In other words, Figs. 9 and 10 show the Early effect factdfu..i, —
self-heating may either increase or decrease the current gairand multiplication factorA — 1-Vcg for three devices
but as long as the gain is high enough, and for the Migh  with different collector doping fabricated on the same wafer
region where\/ — 1 is large, a very good approximation of the/BV .z, = 3.3, 5.3, and7.5 V/ for high, medium and lowNe,
actualM — 1 is still obtained. The obtained values, hOWGVEIi'espective|y)_ The Ear|y effect is more pronounced for h|gher
are the values a#/ —1 at the junction temperature which itselfcollector doping due to its larger CB junction capacitance, and
is a function of bias, becausd —1 is a function of the lattice 77 —1 dramatically decreases at lower collector doping due to
temperature. The approximation obviously cannot be mafe smaller CB junction electric field, as expected. The fact that
in situations wherel/ — 1 is smaller thanl/3. In practical there is no avalanche multiplication &5 of 3.0 V (3.7 eV
devices, one can utilize the above approximation in SitU&tiOﬂ_ﬁeﬂ potentia| energy drop across CB-SCR considering a07
where (Ic/Ig) > 1+ 1/B8(VBE)|ves,r(ves) 1S Observed in v puilt-in potential) in the low® device strongly suggests
the measurement. In our devices, however, we did not obsefMgt the kinetic energy of the electrons never reaches the
(Ic/1g) > 1+ 1/B(VBE)|ves, T(ves) at high current density, threshold for avalanche multiplication, despite the large total
because thel/ — 1 factor decreases with increasing currengotential drop. Consequently, in addition to the sufficiently
density, due to the Kirk effect [17]. The compensation digh collector voltage drop, the occurence of impact ionization
depletion charges by free carriers reduces the electric figiuires the peak field to exceed a certain critical value, below
in the CB-SCR, and hence reducks — 1, as we will show \hich the kinetic energy of the electrons is always lost before
below. Therefore, the measurementidf— 1 at high current reaching the threshold to create an electron-hole pair. The
densities could be even more difficult for a oW device in  strong field also needs to expand in the CB-SCR for a certain

which the Kirk effect is strong, because of its intl’inSica”)distance so that “|ucky” electrons can gain enough energy to
lower value of M — 1, as confirmed by the measuremengreate an electron-hole pair.

below. (Ic/Ig) > 14 1/B(VBE)|ves,r(ves) €an therefore

be expected to occur in future devices with higher collector ) ) o
doping than the higtNe devices used in this work. In thatC- Impact of Current Density and High Current Limitations
case, self-heating can be well tolerated by using the abovd-or RF power amplifier applications, the devices are usually
approximation. Another indication of (9) is that a high currerttiased at high current density and high collector bias. Fig. 11
gain transistor is desirable from the viewpoint of measurirghows thelM — 1 versus the emitter current density; for de-

the multiplication factor. vices with different collector doping levels. The compensation
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Emitter Current Density (mA/umz) Fig. 12. Measured cut-off frequency versus collector current density at

Ve = 1V for the three collector doping profiles.
Fig. 11. Multiplication factorAf — 1 versus emitter current density at
Ver = 6V for three different collector doping profiles. At a current density
from 0.1 to 1.0 mA4m? where RF amplifiers are typically operatéd,— 1 is
clearly different from its low current density value, indicating the importance
of measurement at high current densities.
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of charges in the CB space charge region (SCR) by free carriers
reduces the effective doping and electric field, thus decreasing
M — 1 at higher (practical)Jg [2]. The A — 1 factor at
high current density is small compared to the reciprocal of the
current gain (around 100), and was not observed at high current 1
density, for which we can make very good approximations of .0 01 02 03 04 05 06 07
M —1 as discussed earlier. Fig. 12 shows the measured cut-off Depth (um)

frequency as a fun_ction of the co!lector current densit_y for tr}_erg. 13. Simulated depth profile of carrier temperature®/iat
three collector dopings. For the high and mediMa devices, vz = 5 V taken from the emitter center.

the M — 1 in the current density range of 0.1-1.0 rpid?, at

which SiGe HBT'’s have optimum frequency response (see S . , .
Fig. 12), is considerably smaller than its lo; values, avalanche multiplication in future pnp SiGe HBT's which

demonstrating the importance dff — 1 measurements at require a deeper grading of SiGe into the collector. We propose

these practical operational current densities. This also sugg&%e to reveal the difference in avalanche multiplication effects

that M — 1 should be modeled as a function of bias curref? SiGe and Si by observing the multiplication factor at the
honset of secondary hole avalanche multiplication. Electrons are

density in RF circuit simulation to accuratel redict th@
y y P celerated toward the collector side of the CB-SCR, while

nonlinear distortion behavior. For circuit applications such | I q 4 the b ide of the CB-SC
RF amplifiers, the current densities below the value whef}@!€S are accelerated toward the base side of the CB-SCR.

the cutoff frequency starts to fall off are of interest. AlConsequently hot holes are populated at the base side of

higher current densities, base push-out occurs, and self-heaffiy €B-SCR. If the peak hole energy lies in the portion of
effect can be pronounced, making the base current withd{Jf CB-SCR where Ge content peaks, we should be able to
impact ionization dependent on the collector-base bias, a |at|ngws_h the impact ionization by hot holes_ in S_'Ge a_nd
thus invalidating the fundamental assumption underlying all 6- FOr this purpose, we performed 2-D numerical simulation
the existing extraction methods that the base current withd{find the energy transport advanced application module of
avalanche multiplication is independent of the collector-bad4ED!C! [10]. Although MEDICI does not have a particular
bias. The distributed nature of the base recombination currdpde! for the energy transport in strained SiGe, we expect

in the CB-SCR also makes the estimation of the initial curreft€ resulting hole temperature distribution to be useful in
inaccurate in this regime. at least determining where the peak hole energy lies. The

simulated results in Fig. 13 indeed show that the peak hole
] energy position lies in the region where Ge content peaks in
D. Impact of SiGe these devices.
Previous studies [8] have shown that the unavoidable SiGeNext we measure the multiplication factor up to very high
in the CB-SCR of a SiGe HBT does not inadvertently affedtcg to turn on the secondary hole impact ionization [19].
M — 1, because of the “dead space” effect [18]. The pedlectrons get accelerated across the CB-SCR, and generate
electron energy position is deeper in the Si region, thus impaetcondary electron-hole pairs at the end of the CB-SCR. The
ionization occurs mostly in the silicon region, resulting irsecondary electrons are collected by the collector, and the
the sameM — 1 for both SiGe and Si devices [7], [8]. A secondary holes drift back toward the base side of the CB-
logical question is whether we can measure the avalanch€R. During the drift process, these secondary holes gain
multiplication factor in strained SiGe so as to know howenergy, and create electron-hole pairs at the base end of the
the avalanche multiplication effect changes in SiGe compar€B-SCR. The above description is a simplified picture of
to Si. The answer is potentially useful for understandinipe real process which involves self-consistent solution of the
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Fig. 14. Multiplication factor(M — 1)-Vop comparison between SiGe gig 15, Multiplication factor(A — 1)~V at various temperatures for a
HBT's with different Ge profile and Si control. typical SiGe HBT.
transport equation. The signature for secondary hole impact Temperature (K)
ionization is an abrupt increase of the avalanche multiplication 10 300 197 147 117 97 83
factor [19]. Fig. 14 shows the measured results updg of - ‘ ' ' ' ‘ ’
12 V in two SiGe HBT's with slightly different Ge grading = H;Qﬁg-———n—gxz
into the collector, and an identically processed Si control 2 10- ﬁ,/_\//é_t._“é,___—-———é__ —z |
device. TheM — 1 in SiGe HBT's and silicon control are O 4 =% $ $

o ) » < o=
nearly identical at/cg < 9 V due to the “dead space” effect. S Yo . 2 Veg=2V ¢ O V=3V
However, in contrast td/cg < 9 V, the Si and SiGe devices 8 102 6‘ VotV e e
show a clear difference idf — 1 at higherVCB. When the g’ de Solid SiGe HBT-1 A.E=(1.5x2.5um2
contributions of impact ionization by secondary holes become 2 R | Open SiGe HBT-2 High Nlc

10™

significant, as indicated by the dramatic increasdfin- 1. A 3.0 5.0 20 90 110 130
higher onset voltage for the secondary hole impact ionization ’ ' 1000/T (K-

and a smaller value oM/ — 1 are observed in the SiGe _ o )
Fig, 16. Multiplication factorM — 1 versus 1000/T at various-g’s for two

HBT. The result suggests that despite the smaller bandga_psfg;fe HBT's with different Ge profiles. In contrast to previous observations
SiGe, the impact ionization rate by holes in the strained SiGean exponential increase W — 1 with cooling, we observe here a reduced

is smaller than in Si, which could be caused by the highggmperatur_e dependence &f — 1 with cooling, particularly below 147 K,
in, the devices under study.

impact ionization threshold due to the in-plane strain. It had

been theoretically shown in [20] that the threshold for impact Temperature (K)

ionization is dramatically increased if a layer is compressively 300 197 147 117 97 83

strained without reducing its bandgap. An increase of impact 150 T \ T T T

ionization threshold was later experimentally observed in a /o——-""‘o\o

compressive strained layer with a wider bandgap [21]. Our < . o—"2

experimental results in the strained SiGe layer suggest that & 100 1 -5><e o * I

the threshold for impact ionization can be increased in a T \./.

compressively strained layer even if the bandgap is reduced. S 50l o SiGe HBT _

This is indeed good news for hetero-structure MODFET © O SiGe HET_p  Ae=05x25um”

and MOSFET utilizing strained SiGe channel. A very safe Veg=0V le=toaa o Ne

extraction up toVeg of 12 V and M — 1 of 10 is easily 0 L \ ' f

achieved using the new technique presented in this work. 0 50 70 90 11.0 13.0
1000/T (K™

E. Low Temperature Operation Fig. 17. Current gain versus 1000/T for two SiGe HBT's with different Ge

. . profiles.
Low temperature operation of electronics system has been

an active research area for many years. The SiGe HBTraénge of 80-300 K. Fig. 15 shows the low-temperatufe- 1
more suitable for low-temperature operation than the Si BJdata versus collector-base voltage for a typical high-SiGe
because of its high current gain and excellent frequen&iBT, and Fig. 16 shows thé/ — 1 data as a function of
response at low temperatures. In previous work [22]— 1 1000/T for two standard SiGe HBT's with slightly different
was observed to increase exponentially with cooling, aride and doping profiles. Fig. 17 shows the current gain as
based on this observation, it was suggested that SiGe HB& dunction of 1000/T corresponding to the data in Figs. 15
might not be suitable for low-temperature digital applicatiorsnd 16. In contrast to the previous observations of a strongly
requiring higherVgg, because of the increased current gaiexponential increase af/ — 1 with cooling, the increase of
and M — 1 [22]. To clarify this issue, the standard deviced/ —1 with cooling is much weaker, particularly below 147 K.
with a double-collector implant which are best suited for highFhe difference in temperature sensitivity is not due to any Ge
speed digital applications were measured over the temperateffect, but instead is attributed to the higher collector doping
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Fig. 18. Measured base current reversal voltage versus 1000/T for two SiGe
HBT’s with different Ge profiles.
(6]

level in the device measured in this study than in the devices
used in [22]. Such a weaker dependencelbt 1 at higher

collector doping was indeed observed in [22] in devices witH7]
collector doping levels lower than the standard device in this
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as well as G. Hurkx for helpful comments on their earlier
avalanche multiplication work.

REFERENCES

P. M. Solomon and D. D. Tang, “Bipolar circuit scaling,” irech. Dig.
ISSCC 1979, p. 86.

P. F. Lu and T. C. Chen, “Collector-base junction avalanche effects
in advanced double-poly self-aligned bipolar transistot&8EE Trans.
Electron Devicesvol. 36, pp. 1182-1188, June 1989.

P. R. Gray and R. G. MeyeAnalysis and Design of Analog Integrated
Circuits, 3rd ed. New York: Wiley, 1993.

S. Narayanan, “Transistor distortion analysis using volterra series rep-
resentation,”Bell Syst. Tech. Jvol. 40, 1967.

L. C. N. de Vreede, W. van Noort, H. F. F. Jos, H. C. de Graaff, J.
W. Slotboom, and J. L. Tauritz, “Optimum dimensions of the epilayer
for third-order intermodulation distortion,” iRroc. IEEE BCTM 1998,

pp. 168-171.

H. C. de Graaff and W. J. Klostermafthe Mextram Bipolar Transis-
tor Model Philips Research Laboratories, 1994. The Mextram model
including avalanche multiplication is available in many SPICE or
SPICE-like simulators such as Smart-SPICE from Silvaco International.
G. F. Niu, J. D. Cressler, U. Gogineni, and D. L. Harame, “Collector-
base junction avalanche multiplication effects in advanced UHV/CVD
SiGe HBT's,” IEEE Electron Device Lettvol. 19, pp. 288-290, Aug.

technology. Therefore the reduced temperature dependence of 199s.

M — 1 with cooling at high collector doping alleviates the [8]
power supply limit posed by the base current reversal voltage,

which was previously projected to threaten low-temperature

operation of scaled devices featuring high collector dopind®
[22]. The measured base current reversal voltage is above 1.9
V for all of the devices atfy = 10 pA at all temperatures

of interest, as shown in Fig. 18, which is sufficient for stabl ol
bipolar and BiCMOS logic operation. Our results suggest that
impact ionization does not pose a difficulty for the applicatiof1]
of SiGe HBT’s in BiCMOS logic circuits at low temperatures.

V. CONCLUSIONS [12]

We have measured the collector-base junction avalanche
multiplication factor (M — 1) using a novel technique in
a production-quality SiGe HBT technology. The techniqu[%3
allows the separation of the Early effect and avalanche multi-
plication effect for the first time, and safe measurement at prdé4!
tical operational current densities for RF circuit applications.
Measurements on devices with different collector doping levels
indicate that/ —1 needs to be modeled as a function of currertd]
density to accurately predict distortion in circuit simulation. Ay
apparent decrease of the impact ionization rate is observed in
SiGe HBT'’s at highVeg when the contributions of secondarytl”]
holes are important. A lowed — 1 in SiGe HBT's results
at high Vg due to the population of high energy holes aft8]
the base side of the CB-SCR where the Ge content peaks,
as confirmed by 2-D energy balance simulation. In contrast
to previous reports, we observe a slowdown of the increaldél
in M — 1 with cooling and a higher than 1.9 V base current
reversal CB voltage for all the HBT’s, which demonstrates the
suitability of SiGe HBT for low-temperature applications.  [20]

ACKNOWLEDGMENT (21]

The wafers were fabricated at IBM Microelectronics, Ea 52
Fishkill, NY. The authors are indebted to D. Harame, ]
Subbanna, and B. Meyerson for their support of this work,

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

42, pp. 469-482, Mar. 1995.

D. C. Ahlgren, G. Freeman, S. Subbanna, R. Groves, D. Greenberg, J.
Malinowski, D. Nguyen-Ngoc, S. J. Jeng, K. Stein, K. Schonenberg, D.
Kiesling, B. Martin, S. Wu, D. L. Harame, and B. Meyerson, “A SiGe
HBT BiCMOS technology for mixed signal RF applications,” Broc.
IEEE BCTM 1997, pp. 195-198.

MEDICI, 2-D Semiconductor Device Simulator, version 4Tgch.
Model. Assog.Palo Alto, CA, 1997.

G. F. Niu, W. E. Ansley, S. Zhang, J. D. Cressler, and R. Grove, “A
2-D numerical simulation methodology for noise figure optimization in
UHV/CVD SiGe HBT's,” presented at thEEEE Topical Meet. Silicon
Monolithic Integrated Circuits in RF SystemBniv. Michigan, Ann
Arbor, Sept. 1998.

C. Canali, F. Capasso, R. Malik, A. Neviani, P. Pavan, C. Tedesco, and
E. Zanoni, “Measurement of the electron ionization coefficients at low
electrical fields in GaAs-based heterojunction bipolar transisttEEE
Electron Device Lett.vol. 15, pp. 354356, Sept. 1994.

] R. M. Flitcroft, J. R. P. David, P. A. Houston, and C. C. Button,

“Avalanche multiplication in GalnP/GaAs single heterojunction bipolar
transistors,”IEEE Trans. Electron Devicevol. 45, June 1998.

G. F. Niu, J. D. Cressler, and A. J. Joseph, “Quantifying neutral
base recombination and the effects of collector-base junction traps in
UHV/CVD SiGe HBT's,” IEEE Trans. Electron Devicewol. 45, pp.
2499-2504, Dec. 1998.

C. C. McAndrew and L. W. Nagel, “Early effect modeling in SPICE,”
IEEE J. Solid-State Circuitsvol. 31, pp. 136-138, Jan. 1996.

G. Massobrio and P. Antognetemiconductor Device Modeling with
SPICE 2nd ed. New York: McGraw-Hill, 1993.

C. T. Kirk, “A theory of transistor cutoff frequencyf:) fall-off at
high current densities,’lEEE Trans. Electron Devicesol. ED-9, pp.
164-174, Mar. 1962.

G. E. Bulman, V. M. Robbins, and G. E. Stillman, “The determination of
impact ionization coefficients in (100) gallium arsenide using avalanche
noise and photocurrent measurement&EE Trans. Electron Devices
vol. 32, pp. 2454-2466, Nov. 1995.

E. Zanoni, E. F. Cralb’J. M .C. Stork, P. Pavan, G. Verzellesi, L.
Vendrame, and C. Canali, “Extension of impact-ionization multiplication
coefficient measurements to high electric fields in advanced Si BJT's,”
IEEE Electron Device Lettvol. 14, pp. 69-71, Feb. 1993.

J. Singh, “A theoretical study of electron impact ionization in pesu-
domorphic InGaAs on GaAs and InP substrates,” presented dhthe
Symp. Gallium Arsenide and Related Compoui@ipt. 23—26, 1991.

K. W. Eisenbeiser, J. R. East, J. Singh, W. Li, and G. |. Haddad,
“Breakdown voltage improvement in strained InGaAs/GaAs FET's,”
IEEE Electron Device Lettvol. 13, pp. 421-423, Aug. 1992.

P. F. Lu, “Low-temperature avalanche multiplication in the collector-
base junction of advanced n-p-n transistorEfEE Trans. Electron
Devices vol. 37, pp. 762-768, June 1990.



NIU et al..: AVALANCHE MULTIPLICATION EFFECTS in SiGe HBT'’s

Guofu Niu (M'98) was born in Henan, China, in
December 1971. He received the B.S., M.S. an
Ph.D. degrees in electrical engineering all from
Fudan University, China, in 1992, 1994, and 1997
respectively. His doctoral research concerned th
development of 2-D numerical simulator and phys-
ical models for SiGe heterostructure MOSFET's.

In December 1995, he joined the City University
of Hong Kong, where he worked on the applica—‘f :
tion of network parallel computing in electronics g=m
CAD, and the circuit simulation of switched-current - - A
oscillators and quantum effect programmable logic gates utilizing resonant
tunneling devices. In May 1997, he joined Auburn University, Auburn, AL,
where he has been working on SiGe RF and microwave bipolar and FET
devices and circuits, low-frequency and broadband noise, device reliabilitv.
nuclear and space radiation effects, and TCAD as a Postdoctoral Resei
Fellow. He has authored and coauthored more than 20 technical journal pa)
and more than 20 conference papers in the area of microelectronic devi
and circuits.

Dr. Niu served on the Program Committee of Asia-South-Pacific Desig
Automation Conference (ASP-DAC) in 1997, and served as a Technic
Reviewer for IEEE EecTRON DevicE LETTERS IEEE TRANSACTIONS ON
ELecTRON DEVICES, IEEE bURNAL ON SoLiD StaTe CircuiTs, and Solid-State
Electronics.

1015

Shiming Zhang (S'99) was born in Beijing, China,
in 1968. He received the B.E. degree in electri-
cal engineering from Beijing Polytechnic Univer-
sity, China, in 1992. He is currently pursuing the
M.S. degree in the electrical engineering depart-
ment, Auburn University.

From 1992 to 1997, he worked on SiGe HBT
in Beijing Polytechnic University as a Research
Assistant. His main research interest is the RF and
microwave characterization of SiGe HBT.

Usha Gogineni(S'97) was born in Bhimavaram,
India. She received the B.Tech. degree in electronics
and communication engineering from Regional En-
gineering College, Warangal, India, in 1996, and the
M.S. degree in electrical engineering from Auburn
University, Auburn, AL. Her graduate research was
on the reliability of silicon-germanium heterojunc-
tion bipolar transistors (HBT'’s). She has published
one journal and three conference papers related to
the effects of emitter-base reverse-bias stress and
avalanche multiplication effects in UHV/CVD SiGe

HBT’s. Her research interests lie in the areas of HBT physics, device
characterization, low-temperature electronics, and low-frequency noise.

John D. Cressler(S'86—SM'91) received the B.S.
degree in physics from the Georgia Institute of
Technology, Atlanta, in 1984, and the M.S. and
Ph.D. degrees in applied physics from Columbia
University, New York, NY, in 1987 and 1990,
respectively.

From 1984 to 1992, he was on the researcl
staff at the IBM T. J. Watson Research Center
Yorktown Heights, NY, where he worked in the
Semiconductor Science and Technology Departmel
on submicron Si and SiGe bipolar technology. His
research interests at IBM included the physics and design of both ic
implanted and epitaxial Si and SiGe-base bipolar transistors and circuits,
particularly the operation and understanding of such devices at cryoge /
temperatures. In addition to his responsibilities while at IBM, he was an
Adjunct Professor of Mathematics at Western Connecticut State Universi
Danbury, from 1987 to 1990, as well as an Adjunct Assistant Profess
of Electrical Engineering at Columbia University from 1990 to 1992. ¥
1992, he left the IBM Research Division to join the faculty of Aubur
University, Auburn, AL. His research interests include SiGe HBT's an
FET's, radiation effects, cryogenic electronics, SiC devices, RF/microwal
circuits, reliability, noise, device simulation, and compact circuit modelin%‘
He is currently Professor of Electrical Engineering and Assistant Director
the Alabama Microelectronics Science and Technology Center (AMSTC), a
multidisciplinary, state-funded research center, and Director of the Cryogenic
Electronics Laboratory within the AMSTC. He has published over 145
technical papers related to his research and written three book chapters.

Dr. Cressler received five awards from the IBM Research Division. He
served on the Technical Program Committee for the ISSCC (1992-1998), the
BCTM (1995-present), and the IEDM (1996-1997) conferences. He was the
Technical Program Chairman of the 1998 ISSCC, and is currently Chair of
the Device Physics subcommittee of the BCTM. He was appointed an IEEE
Electron Devices Society Distinguished Lecturer in 1994. He was awarded
the 1996 C. Holmes MacDonald National Outstanding Teacher Award by
Eta Kappa Nu, the 1996 Auburn University Alumni Engineering Council
Research Award, and the 1998 Birdsong Merit Teaching Award. He received
the Office of Naval Research Young Investigator Award in 1994 for his SiGe
research program. He has served as a consultant to IBM, Analog Devices,
Westinghouse, ITRI/ERSO (Taiwan), Teltech, the National Technological
University, and Commercial Data Servers. He is currently an Associate Editor
of IEEE DbuRNAL oF SoLID-STATE CIRCUITS.

5

i

»

David C. Ahlgren received the B.A. degree from
DePauw University, Greencastle, IN, in 1973 and
the Ph.D. degree in chemical physics from The
University of Michigan, Ann Arbor, in 1979.

He joined IBM in Hopewell Junction, NY, in
1979 conducting semiconductor process develop-
ment. His early work was in the area of silicon
defects resulting from ion implantation and isolation
stress, as well as process integration issues which
lead to the development and subsequent production
of IBM’s first double polyslilicon bipolar technol-

y in 1983. In 1989 his attention turned to Si/SiGe HBT's as the next step in
advancement of IBM’s bipolar mainframe semiconductor technology. His
arly device studies, process technology work, and semiconductor production
experience has lead him into his current role in the Advanced Semiconductor
echnlology Center as a Senior Engineer in device and process development

éhigh-performance Si/SiGe BICMOS technology and its introduction into
anufacturing. He has published over 30 papers and holds eight patents in
?miconductor device and process technology.



