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Abstract—We investigate the base-profile design issues asso- 2.5 T . . T
ciated with optimizing ultrahigh vacuum/chemical vapor deposi-
tion (UHV/CVD) silicon—germanium (SiGe) heterojuction bipolar
transistors (HBT's) for minimum broad-band noise. Using the
simulator for cryogenic research and SiGe bipolar device opti-
mization (SCORPIO), the impact of Ge profile, base doping level,
and base thickness on minimum noise figureNF.i») are quanti-
tatively examined across the—55 °C—125°C temperature range.
We introduce a novel Ge profile for optimumNF .;,,, which allows
independent control of current gain (3) and achieves maximum

s A, =0.5x2x20 pm’ ]

fr while maintaining thermodynamic stability. Simulations show 05k —*~IBM data [2] —

that this profile can achieve as of ~200, a peakf; > 50 GHz, — Simulated

a peak fmax > 60 GHz, and anNF,,;; < 0.5 dB at 2 GHz and L ) |

<1 dB at 10 GHz using a conservative base width o~90 nm. 02.0 25 30 35 40
We predict that a 45-nm base-width/0.5xm emitter-width device Frequency (GHz)

with a thermodynamically stable flat Ge profile, manufacturable ' _ _

using an UHV/CVD growth technique, should be able to achieve Fig- 1. Comparison of simulateNF,;;, with measured data;from an IBM

an NF.i, < 0.4 dB at 2 GHz and~0.8 dB at 10 GHz along with  SiGe HBT with emitter dimensiong4 ) of 0.5 x 2 x 20 um? [2].

a f of ~300, a peakfr > 70 GHz, and a peakfmax > 90 GHz.

These 300-K performance values improve as the temperature is thickness. The noise model used is that presented by Hawkins

reduced. [3]. This simulation approach gives good agreement with
Index Terms—Heterojunction bipolar transistors, germanium, measured data (see Fig. 1) [2].

semiconductor device modeling, semiconductor device noise, sil-

icon. Il. THE SCORPIO SIMULATOR

| INTRODUCTION SCORPI_O_ is a 1-D drift—diffus_ion d_evic_e simulat_ion pro-
' gram specifically developed for investigating the SiGe HBT
SUCON—GERMAN'UM (SiGe) heterojunction bipolar over a wide range of temperatures [4], [5]. SCORPIO has
ransistors (HBT’s) offer many performance advantageésll heterojunction simulation capability, advanced parameter
over Si bipolar junction transistors (BJT’s), including highemodels for mobility, transit time, and bandgap narrowing,
common-emitter dc-current gaif/), transition frequency and provides both bias- and position-dependent output. It has
(fr), and maximum oscillation frequendyfuax), and have been shown to have excellent agreement with measured data
excellent broad-band noise characteristics [1], [2]. Odér advanced SiGe HBT's grown using the ultrahigh vac-
investigation uses the one-dimensional (1-D) drift-diffusiopum/chemical vapor deposition (UHV/CVD) technique from
simulator for cryogenic research and SiGe bipolar devi@gno K down to liquid-nitrogen temperature (77 K) [6]-[8].
optimization (SCORPIO) to generate current densitigs, SCORPIO uses a doping and Ge profile, such as the
transit times, fr, intrinsic base sheet resistandd?;), one shown in Fig. 2, as the input data file. This profile
capacitances, and other bias-dependent parameters fiefiresents an actual state-of-the-art SiGe HBT designed for
secondary ion mass spectroscopy (SIMS) doping and Gigh-performance analog-circuit applications [9] and will be
profiles. These results are then combined with assumptionsreferred to as the “calibrated profile.” It is a trapezoidal profile
the lateral geometry of the device and extrinsic parasitics \Which varies linearly from 1% to 10.5% Ge and has a relatively
order to calculatéfax and minimum noise figur¢NFuin).  conservative metallurgical base width of approximately 90 nm.
The simulation results presented assume an advanced bipglagh profile input files can either be generated from measured
technology which allows a 0.pm emitter width, silicided SIMS data or from process simulators such as TSUPREM-4.
double-base contacts, and 028 oxide sidewall spacer Fig. 3 shows the five Ge profiles used to investigate the impact
Manuscript received September 8, 1997; revised January 9, 1998. This WQF(kthe Ge profile on minimum noise figure. All of these profiles
was supported by DARPA under Contract N66001-96-C-8624. have an approximately 25-nm-thick Si cap layer, the same
Devr\)/értlfr-leﬁtnsﬁliybuigdu;]1iveDr.sitc):/na:jEJrnarZngtGh&:geUSEIAecmcal Engineeringffective thickness (depth from the crystalline surface of the
’ : y ' . wafer to the Ge at the collector-base (CB) junction), and the

D. M. Richey is with Lucent Technologies, Allentown, PA 18103 US ] -
Publisher Item Identifier S 0018-9480(98)03390-0. same effective average Ge content (average amount of Ge in
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Fig. 2. Doping profile (from SIMS data) for an SiGe HBT with a 1%-10.596719- 4. Simulateds for the five Ge profiles shown in Fig. 3 along with an Si
trapezoidal Ge profile which has been used to calibrate SCORPIO to measiBdd control. The presence of Ge greatly enhantesid the bias dependence
data (“calibrated profile”). is dependent on profile.
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Fig. 3. Five commonly used Ge profiles having the same thermodynanfig. 5. Simulatedr,; for the five Ge profiles shown in Fig. 3 along with
stability. Included is the calibrated profile (1%—-10.5% trapezoid). The emittan Si BJT control. The presence of Ge reduéks.

and base carrier concentrations are shown from the poly-Si-to-Si interface in

the emitter (at left edge) to the base—collector metallurgical junction (at right

edge). % . 1 , |
| —=—Triangle |
the effective thickness) and, thus, equivalent thermodynamic T mperoid (980 o)
ili a0 T rapezoid (3% to 8.9%) i
stability [10]-[13]. .
For the work presented here, the CB bid&g) is fixed - ~&-Box .

S

at 1 V and the base—emitter bi@kzg) is stepped up from
0 to 1 V. Figs. 4-6 show3, Ry;, and fr, respectively, for
the five profiles along with the Si BJT control. Notice in
Fig. 4, that the presence of Ge greatly enhangesBoth 20 -
theory and experimental results show that this is primarily L
controlled by the exponential dependence/bfon the Ge-
induced bandgap narrowing at the base-side edge of the 0.1 . 1.0

emitter—base (EB) depletion regiod\E, c.(z,)] [6], [14]. Je (mAjm’)

_NOtlce_ als_o’ that _the graded Ge profiles Sh_OW a Sllg_ht decre%?ge. 6. Simulatedfr for the five Ge profiles shown in Fig. 3 along with
in 8 with increasing collector current density. This is becaus@ si BJT control. The presence of Ge increages but is not strongly
the EB depletion region shrinks &g is increased, effectively dependent on profile.

reducingA E; ¢.(xz,) with increasing bias (i.e., the “Ge-ramp”

effect) [14] erez, is the base-side edge of the EB depletion region,

Ry; is the sheet resistance of the neutral base region alt - . . . )
for an n-p-n transistor under low-level injection bias conditiorns® is the base-side edge of the CB depletion regjgiix) is

(as is the case for low-noise operation), is given by t (imaj.orlty-qarr_ler hole mobility as a function oflposfmon, and
N7 (z) is the ionized acceptor doping concentration in the base

f (GHz)
@
3

T

Ry = —— ! (1) as a function of position (which is approximately equal to the
/ qup(z)N 7 () da p-doping level). The exact functional form of the dependence
o of majority-carrier hole mobility enhancement in strained
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SiGe film layers, as compared to Si, is an unresolved and oxide sidewall

actively investigated area among many groups. Additionally, spacer emitter contact
the diffusion of boron in strained SiGe is known to be slower base contact

than in Si, thus making it difficult to make a true one-to-one ? 7 e s
mobility comparison. At least for the doping ranges used in this ot Link | inirinsic base

paper, the presence of Ge reduégs. Our simulations assume

that the base doping profile is constant and use a mobilityy. 7. schematic cross section showing the location of the oxide sidewall

model which gives excellent agreement with measukigg spacer and base link-resistance implant with respect to the base and emitter

data over a wide temperature range [6]. The impact of the G¥'acts (not to scale).

profile can be seen in Fig. 5. Referring to Fig. 3, observe that

the peak in base doping occurs at a depth between 0.190 g8]d[8]. However, there are other common figures of merit

0.195.m. For the different profiles, the higher the Ge contenghich are of interest to device designers. In order to extend

in this range, the lower thé,; obtained. the 1-D output data from SCORPIO, assumptions must be
As shown in Fig. 6, the presence of Ge increages made on the lateral geometry of the device and the extrinsic

although there is not a strong dependence on the prgfile. parasitics. We assume a Q. emitter-width structure with

is given by silicided double-base contacts and 0,2%- oxide sidewall
1 spacer thickness. We further assumemn-metal linewidths
Jr= 2 (T & 7o & 7o+ e 1 7o) (2) and spacings, and that the device has deep-trench isolation

at the outside edges of the base metal. This is necessary to
whereTr, 7., andr, are the base, emitter, and collector transgstimate the extrinsic CB capacitan@.,, = 0.21 fF/um?)
times, respectively, and,, andr, represent the EB and CBand extrinsic base resistan¢&,). It is also assumed that
depletion layer capacitance charging times, respectively. Titre is a base link resistance implant under the oxide sidewall

two transit times which dominat¢r in modern Si bipolar spacer which dominateR;,. Fig. 7 illustrates where this link
transistors are the;, and 7.. For an SiGe HBT, a grading resjstance is located.

of Ge across the neutral base induces a drift field in the baseQnce values for these extrinsic parasitics have been esti-
which accelerates the electrons injected from the emitter to thgyted, f,... can be calculated by
collector, thereby decreasing. The ratio ofr, for ideal SiGe

and Si devices of identical doping profiles is given by [15] Ir 5
Th,SiGe 2kT Jmax = 87 R, Clyy (6)
Tb,Si - A AEmGe(grade . . .
I (1 — exp[=AE, g.(grade/kT]) - where the total base resistan@®,) is given by
AE, ge(gradg/kT x . Ry, -
where ) accounts for the strain induced-mobility enhancement ’ b 2
and

the intrinsic base resistan¢g; ;) for devices with double base
AE, co(gradg = AE, ge(2zw) — AE, ce(z,).  (4) contacts is given by

the base-side edges of the CB depletion region. The ratio of Ry = B Ry, (8)
7. for ideal SiGe and Si devices of identical doping profiles
is given by [15]

AE, ce(z,) represent the Ge-induced bandgap narrowing at 1 <emitter width”D

emitter lengt

and the total CB junction capacitan¢€y,) is given by
TeSiGe o _Psi (5)
Tesi Osice Ca, = Cepyi + Copx- 9)

As the Ge atz, enhanceg, it produces a strong reduct|oani and the intrinsic CB capacitand@.y,,) are calculated

in 7.. Therefore, there exists a tradeoff betwegrand . for - b
different Ge profiles having the same thermodynamic stabilitby SCORPIO. The emitter length multiplies out of thig.

: : dalculation if the end effects of the transistor are neglected.
which accounts for the weak; dependence on profile. The__". . . :
. . . .. This should be a valid assumption for emitter lengths greater
simulated peakf; of the calibrated profile agrees to within

. than about 10um.
0,
10% of the experimentally measured value of 43 GHz. Fig. 8 Showsf,... of the calibrated profile for a range of

base link sheet-resistances. 6400 corresponds roughly to
no additional doping in the link region and 200 represents

For well-behaved modern Si technologies, the 1-D apn aggressive additional doping step. As can be sgégn,
proximations required to use SCORPIO should be extremasy highly sensitive to how this link region is designed, and
accurate for the parameters which it calculates. And in fathe link resistance should be minimized. Decreasing the oxide
SCORPIO results have been shown to have excellent agrsielewall spacer thickness will also serve to reduce the link
ment with measured data (over a wide temperature rangegistance.

Ill. EXTRINSIC PARASITICS
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100 ey ——rr dominant terms can be expressed as
E plink(O/D) = —°200 B R R (1 (2 f)C X )2
—=-500 ~ _b e — \&7 eb<\s 2
g0 b i;ggg 3 F=1+ RS + 2 |: RS + ((27Tf)0eb) R5:|
~ b —=— 4000 1+ (27rf)2'rb2 R, X2
. —— — 1 £ . 11
2 . 000 + < o 2R. | 2R.R, (1)

f
max

This formulation helps in determining which parameters are
10 controlling the noise factor. Generally speaking, the presence

of Ge reduces the noise factor by decreasingdecreasing
R, (through Ry;), and allowing nearly independent control
20 ot — : of 8. NF;, is given by 10 - log(F") when R, is set to the

). (mAjum’) optimum source resistan¢&op: ). Ropt IS given by
Fig. 8. fmax for the calibrated profile for a range of base link sheet- 1 27 1272 R.(2R R
resistance valuesfma- is highly sensitive to how the base link region is Ry = Rg - Xgpt + + @2nf)ry Re(2Ry + Re) (12)
designed. (o a

where the optimum source reactar(Cé,:) is given by

1+ @rf)?7E 2nf)Ca, R2

Xopt = a a (13)
= and
R o/ 1
© o€ a=[(1+(@rNHm)) A+ (@rf)ren)?) — a0l —. (14)
Ye Accounting only for the dominant terms, these equations
simplify to
Fig. 9. Equivalent circuit schematic of Hawkins’ noise model for bipolar ~ 2Ry R R_z 2
transistors [3]. Ropt _\/ a + 2 Xopt (15)
~ (27rf)cesz
IV. NOISE MODEL Kopt = a (16)
The noise model used in this paper is that presented &yd
Hawkins [3], the equivalent-circuit schematic of which is 1 2 )73 )2 2 F)r )2
shown in Fig. 9. This model accounts for the thermal noise a= 3 ( C{) ) ( ‘2) o) . 17)

in the sourcgw,;) and bas€w,) resistances, the shot noise in

the emitter(v.), and the collector partition noisgc,). The Note that the length of the emitt_er has no im_pact on the no?se

resulting expression for noise factor can be written as (1d)gure because each term consists of a resistance normalized
shown at the bottom of the page, whekg is the source by the source resptance (once again, neg_leqtlng enq effects).
resistance, X, is the source reactancd. is the dynamic However, the optimum source resistance is linearly impacted

emitter resistance (thermal voltage divided by emitter curren the emitter length and can be used in sizing the device from

. : ; - 'high-frequency matching standpoint.
Cen, is the EB depletion capacnanc{e?eb. - Teb/Re)’_ao Fig. 10 showsNF,,;, at 10 GHz for the calibrated profile
is the common-base dc-current gaim| is the magnitude

; ) "~ over the range of base link sheet resistances used in the
of the common-base small-signal ac-current gain, gnib fus Calculations. LiKe fume, NFmin is highly sensitive to

the frequency at which the noise factor is evaluated. Thi3,y this region is designed and the link resistance should
formulation allows one to isolate the base thermal (secopd minimized. An aggressive base link sheet resistance of
term), emitter shot (third term), and collector partition (fourtlsgg (/O is assumed in the remainder of this paper. Fig. 11

term) noise sources (all normalized by the source thermgdows the contributions of each of the three noise sources in
noise). Even though the complete expression is used in egrms of noise factor. Realizing from Fig. 10 that the minimum

calculations, a simplified version accounting only for th&F,.;, occurs at a current density of about 0.1 m&?, it can

Rb Re
P14t
* &, T an,

[(1 = 27 f)CenX,)? + (27 f)?CE,(Rs + )]

+< &%) _ 1) [Rs + Rb + Re(]- - (27rf)cebXs)]2 + [Xs + (27rf)cebRe(Rs + Rb)]2
|o? 2R. R,

(10)
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the thermodynamic stability limit and the maximum acceptable
$. In Fig. 12, we introduce a new thermodynamically stable
Ge profile which makes optimum use of the Ge to achieve a
minimum NF,;,. This “optimized profile” provides constant
Ge at the EB junction for improved bias dependence and
maximum /3 in the bias range of interest. It is the level of
Ge in this flat region which determingd. The Ge at the
CB junction is slid toward the emitter to achieve higher peak
Ge percentages at a similar stability. This can be done since
minimum NF,,;;, occurs at a much lower current density than
does peakf,..x (see Fig. 8) and, thus, before the onset of
Ge-induced high injection-barrier effects [7]. The remaining
Ge (from the stability standpoint) is put into the Ge grading
{9 decreaser,. The resulting Ge profile produces /a of

concentrations are shown from the poly-Si-to-Si interface in the emitter (a¢200, a peakfr > 50 GHz, a peakf,.. > 60 GHz, and
left edge) to the base—collector metallurgical junction (at right edge).

a NF,,;n<0.5dB at 2 GHz and<1 dB at 10 GHz at a
conservative base width of 90 nm. This is comparea: 9

be seen in Fig. 11 that the collector partition noise dominatef3 at 2 GHz and<1.8 dB at 10 GHz for the Si BJT control.
Thus, from the forth term in (11), we see that increasihg Fig. 13 comparesNF,,;,, at 10 GHz for the Si BJT, the
(and thus,) will serve to reduceNF,,;, below the 1.3 dB calibrated profile, and the optimized profile. Fig. 14 shows
predicted here. And, in fact, the flat Ge profile (which has thbe frequency response of the optimized profile. The peaks

highestp) offers a slightly lowerNF,;;,, of 1.25 dB.

in both fr and f..x occur at lower current densities than

Strictly considering the Ge profile, the best noise perfothe calibrated profile as a direct result of having slid the Ge
mance will be achieved with the greatest amount of Ge in tla¢ the CB junction toward the emitter. Doing this causes the
neutral base region. The limitations on the amount of Ge avaset of Ge-induced high injection-barrier effect to occur at a
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Fig. 15. Effect of base doping level on the noise factor sources for tidg. 16. Stability space plot showing location of the Ge profiles presented.
calibrated profile using a base link sheet resistance of(500.
0.4 T T T
!ower current density. This effect can also be seen in the sharp Doping | BiasforNF__
increase iNNF,,;, above 1 mAim?. For low-noise devices, . Increase /
this is an acceptable tradeoff because the device will most & % f
likely be biased at or near the bias corresponding to minimum ? N ; Collector
NFmin . ?@j 0.2k Partition
2
X - J
V. IMPACT OF BASE DOPING % Doping
. . . . Z  0.1f Increase 3
Base doping has a direct impact @i Ry;, and fz, with R Emitter Shot
all decreasing as the doping level increases. The decrease in [ Base thermal 5
f# and fr (with increases in both, andr.) would lead one 0— ' : —
0.1 1.0

to expectNF,;, to increase. However, the decreasefy;
suggests that maybe there will be a decreasNHh,;,. The
optimum base doping level depends on which noise terfng- 17. Effect of base doping level on the noise factor sources for the scaled
dominateNF,.... The base doping is varied by scaling thé)ase profile using a base link sheet resistance of (300
peak of the calibrated profile by 0.%5 1x, 1.25x, 1.5x,
and 2x. The emitter and collector profiles remain unchangeaf the Ge profiles in stability space. Interestingly, comparisons
so as to maintain constan;, and an open-base breakdowrnndicate that thinning the base alone does not necessarily
voltage BVcro) of 3.3 V (experimentally determined forincreasef,,., or reduceNF,,;,. From the noise standpoint, one
the calibrated profile). For the 90-nm base-width devices f the primary advantages to thinning the base is that higher
the doping range investigated, the collector partition noigge content can be used while remaining thermodynamically
dominates. Thus, as can be seen in Fig. 15 for the calibragtdble. This is illustrated by the “Scaled Base” point in
profile, increasing base doping increaéE,,;, because3 Fig. 16. Simulations show that collector partition noise no
decreases ang, increases. Even though an increase in dopignger dominates at this base thickness (see Fig. 17), nor
reducesR;, Ry also decreases to partially offset the impaatoes it increase with increasing doping sin€g,; decreases
on the base thermal-noise component. faster with increasing doping in the thinner devices. Therefore,
Typically, there are a number of other issues and deviggreasing doping goes to reducing the base thermal noise
specifications which influence the optimum base doping levéhy reducingR;) and the emitter shot noise (througdt:).
If the base doping level is too low, current crowding coult)sing a 2< increase in the doping level, we predict/
become a problem. This occurs wha&y; gets high enough to of ~300, a peakf; >70 GHz, a peak fi.x >90 GHz,
cause a bias variation across the EB junction. Decreasing #rel aNF,;, <0.4 dB at 2 GHz and~0.8 dB at 10 GHz
base doping level may also caugeo become unacceptablyusing a thermodynamically stable, flat 11.9% Ge profile in a
high. Also, as is the case for the devices investigated hemanufacturable SiGe HBT technology.
the increase inRk,; can offset the increase ify- and cause a
decrease inf,.x With decreased doping.

I (mA/um?)

VII.

It is a common practice to operate low-noise devices at
V. low temperature in an effort to redud&,,,;,,. However, this
A scaled base thickness is achieved by decreasing times not necessarily reduce the noise generated in bipolar
distance between the EB and CB metallurgical junctiorsansistors. Fig. 18 shows the minimum valuesNd#f ,,;, for
by a factor of two, thus reducing the total doping in thé¢he calibrated profile, optimized profile, scaled base device
metallurgical base by one-half. The emitter and collectevith a flat Ge profile and  increase in base doping, and Si
profiles remain unchanged. Fig. 16 shows the locations of aintrol over the temperature range frond5 °C to 125°C.

T EMPERATURE EFFECTS

I MPACT OF BASE THICKNESS
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the opposite is true in the Si control. Fig. 20 shows the impact
reducing temperature has g¢gi for the four base designs. In
all three of the SiGe devices, a reduction in temperature leads
to an increase iryr. This is the result of decreases in both
7, andr.. The Si control has an increase in bathand .,
which leads to the reduction ify- as temperature is decreased.
A decreasingr, causes a reduction in the collector partition
noise component and a decreasingcauses a reduction in
the emitter shot noise component. Therefore, sincand 7.
have the same temperature dependence, an increggeniith
reduced temperature is desirable.

VIII.

SiGe HBT's have demonstrated many performance advan-
tages over Si BJT’s, including lower broad-band noise. As
is summarized in Fig. 21, our simulations suggest that even
better noise characteristics can be expected with base designs
which are optimized for low-noise performance. In achieving
maximum performance, the base thickness is usually limited
by technological capabilities while the Ge content is set by
thermodynamic stability constraints. As the base thickness is
scaled down, the base doping should be scaled up by the
same factor to maintain a similak,;. The Ge profile and
doping level can then be tailored to meet the Ry, fr,
Sfmax,» @NdNF i, specifications for the particular application.

A minimum emitter width will also have a positive impact
on R,; and thus, fi,.x and NF,,;,. We demonstrated that
the design of the base link resistance is critical because

SUMMARY

Se

of its strong influence orf,.. and NF,,;,. We introduced
a novel Ge profile which allows independent control ®f
and achieves maximurfir while maintaining thermodynamic

Simulations show thalNF,;, increases in the Si control a”dstability. Such a profile can achieve & of ~200, a peak

remains roughly unchanged in the calibrated profile as t

b“% > 50 GHz, a peakf,,.x > 60 GHz, and arNF,,,;, < 0.5 dB

temperature is reduced, whereas the optimized and scaj@® GHz and<1 dB at 10 GHz at 300 K. We also predict that
base profiles show a decreaseNh,;, as the temperature isg 45-nm base-width device with a thermodynamically stable
reduced. The reasons for these trends are illustrated in Figs {39 Ge profile should be able to achievéN&,,;, < 0.4 dB at

and 20. In Fig. 19, we see that reducing the temperature drive&Hz and~0.8 dB at 10 GHz along with & of ~300, a

(3 sharply upward in the optimized and scaled base profilggsak f > 70 GHz, and a pealf,,., > 90 GHz. These 300-K
leading to a sharp decrease in the collector partition noiperformance values improve as the temperature is reduced.
component. This is not the case with the calibrated profile, amtlis study suggests that properly designed SiGe HBT's should



660

have broad-band noise performance superior to Si BJT's and|
competitive with GaAs technologies.

[12]
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