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Analysis of Si:Ge Heterojunction Integrated Injection
Logic (I°L) Structures Using a Stored Charge Model

Simon P. Wainwright Member, IEEE,Stephen HallMember, IEEE,
Peter AshburnMember, IEEE,and Andrew C. Lamb

Abstract—A quasi-two-dimensional stored charge model is Wsg  Width of the switch emitter (used exclusively in
developed as an aid to the optimization of SiGe integrated C-I2L).
injection logic (I2L) circuits. The model is structure-based and ; . ; ;
partitions the stored charge between the different regions of Wis WIthh of the injector base (used exclusively in
the I°L gate. Both the NpN switching transistor and the PNp C'_I L). o ) ]
load transistor are correctly modeled and the effects of series Wicsg Width of the injector collector/switch base (used in
resistances on the gate operation are taken into account. The both C-PL and SF-fL).
model is applied to surface-fed and substrate-fed variants of SiGe Wsc Width of the switch collector (used in both €Ll
I2L and the Ge and doping concentrations varied to determine the and SE-AL
important tradeoffs in the gate design. At low injector currents, ) )- o . .
the substrate-fed variant is found to be faster because of lower Wisse Width of the injector base/switch emitter (used
values of critical depletion capacitances. At high injector currents, exclusively in SF-L).
the performance of both variants is limited by series resistances,
particularly in the NpN emitter layer. The inclusion of 16% Ge Soa ;
in the substrate-fed PL gate leads to a decrease in the dominant d Depth of the |ntr|n5|9 structurgs (mto the page).
stored charge by a factor of more than ten, which suggests that ~ @br Depth of the extrinsic base rails (into the page).
gate delays well below 100 ps should be achievable in SiG&.I
even at a geometry of 3um. The model is applied to a realistic, Bun Upward current gain of the N-p-N switch transistor.
self-aligned structure and a delay of 34 ps is predicted. It is Bup Upward current gain of the P-N-p injector transis-
expected that this performance can be improved with a fully ’ ¢
optimized, scaled structure. or. .
Isy N-p-N (switch) Gummel-Poon forward transport
coefficient.
NOMENCLATURE -
_ _ o Isy P-N-p (injector) Gummel-Poon forward transport
Nsus N-type Si doping concentration in the substrate coefficient.
(used ex_clusn_/ely in C2L). o _ ~ apny  Forward common base current gain of switch.
Nsg  N-type Si doping conc_entrQatlon in the switch emit- ... Forward common base current gain of injector.
ter (used exclusively in C=L). o ary  Reverse common base current gain of switch.
Nz N-type Si doping concentration in the injector base .. Reverse common base current gain of injector.
(used exclusively in C2L).
Ng P-type Si doping concentration in the injector emit-
i 2 -
ter (used in both C-L and SF F!‘)' . - Substrate-Fed?L Parameters
Nicsg  p-type SiGe doping concentration in the injector o ) .
collector/switch base (used in both &:land SF- & Length of injector base/switch emitter contact.
12L). lo Spacing between injector base/switch emitter con-
Nsc  N-type Si doping concentration in the switch col- tact an_d edge of switch base/injector collector
lector (used in both C2L and SF-FL). implantion. _ o _
Nise N-type Si doping concentration in the injector 3 L_ength of switch basef/injector collector implanta-
base/switch emitter (used exclusively in SEL tion.
ly Spacing between edge of switch base/injector col-
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AQup Hole stored charge in the injector base/switcthese parasitic diodes and deliver a gate delay of 0.8 ns for a
emitter. layout geometry of 2..um and a fan-out of 3. Other parasitics
AQ.p Electron stored charge in the switch base/injectdhat can influence the gate delay are series resistance effects
collector. in the base and charge storage in the intrinsic base of the pnp
AQuc Hole stored charge in the switch collector. transistor.
AQext Hole stored charge in the switch collector injected Recently there has been renewed interestin motivated
from the extrinsic base ralils. by the impressive performance reported for SiGe heterojunc-
AQ..x. Electron stored charge in the extrinsic base railstion bipolar transistors. In the context @i, SiGe technology
AQpgr Switch emitter/base (injector base/collector) deplesffers the prospect of using bandgap engineering to minimize
tion charge. the stored charge in the parasitic diodes associated with the
AQpc Switch collector/base depletion charge. I2L gate. Modeling of SiGe?L has been reported recently
AQnpcs Switch collector/base sidewall depletion. charge [5], [6] but with considerable compromise in the treatment of
the pnp load structure and hence the omission of important
Conventional (Surface-Fed?L Parameters parasitic elements in the models. The work of Mazhetri
1 Length of switch emitter contact and isolation il [5] represented the load as a current source, implemented
edge of switch base/injector collector implantionPy @ voltage source and resistor, whereas Karlsteeal
o Length of switch base/injector collector implaan] represented the load with an ideal purreqt source. These
tion. approximations therefore preclude consideration of the charge
s Length of injector base region. storage assougted with the load and also predict incorrectly
4 Length of isolation implantation between injectOtthe current delivered by the load; the latter because the load
base and switch collector. transistor is either in the active or saturated regime, depending
T3 Length of switch collector region. on the preva?ling Iogic_ condition. Moreovgr, these approaches
6 Length of switch basefinjector collector implan-do not consider the mhgrent tra_deoffs in the design of t_he
tation. merged n-p-n/p-n-p devices, which place severe constraints
Ze Length of switch basefinjector collector regiorP" the relative dopingl levels of the semiconductor regigns
(=3 + 24 + 75). f';lnd the_ Ge concentration of the n-p-n base Iayer_, as outlined
Ta Length of active ared=x» + zc + ). in Sgctlon II.. quthermore the work_ prgsentgd in [5] only
o Length of total areg=z1 + x.4). cqn&ders thentr|n§|c gate delay of circuits which, although
being a key part in the total delay, neglects components of
AQus Hole stored charge in the substrate. capacitance and lateral serie; ‘access’ resistances.
AQ,~ Hole stored charge in the switch emitter. _The approach used here is based o_n_tr_le model of Hen-
AQ.p  Electron stored charge in the switch base/injectdlfickson and Huang [7] and involves dividing the structure
collector. into discrete regions for each of which the charge injection
AQus Hole stored charge in the injector base. condmo_ns can be calculated. Thus the stored charge. can be
AQnc  Hole stored charge in the switch collector. ascertained throughogt the structure anq for a given injector
AQucex; Hole stored charge in the switch collector incurrent, the propagapon delay of the inverter can bg cal-
jected from the extrinsic base rails. culated. The model is extended from that described in [7]
AQnrer: Hole stored charge in the injector base injecteiﬂ‘ that junction voltages are calculat_ed for a given injector
from the extrinsic base rails. current and load gate. Thus all terminal currents are known
AQ.... Electron stored charge in the extrinsic base rail@Nd @ quasi-two-dimensional approach is then employed to
AQpe  Switch emitter/base depletion charge. calculate terminal voltages using simple spreading re&stanges
AQpc  Switch collector/base depletion charge. calculated _from the sgmlc_onductor layer pa_rameters, assuming
AQp: Injector collector/base depletion charge. the dgpletlo_n approximation. The model is therefore quasi-
AQncsr  Injector collector/base sidewall depletion chargdWO-dimensional. We have chosen to apply the model to three
AQpcss Switch collector/base sidewall depletion Ch(,irges.pemﬂc SiGe 1L designs, one a conventional surface-fed

approach, the second substrate-fed [8] and the third a variant
which is specifically optimized for SiGe’lL and features a
. INTRODUCTION high degree of self-alignment. The latter serves to demonstrate

IGH-performance bipolar logic circuits are usually realthe flexibility of the method and also predicts a gate delay of

ized using emitter coupled logic (ECL) but that technol34 ps. Thus the use of heterojunctions can add high speed to
ogy features relatively low packing density and high powdhe other well known advantages &Ll technology, namely
dissipation. Integrated injection logic ofLl [1], [2] is a low high packing density, low voltage and low power dissipation.
power bipolar technology suitable for VLSI which traditionally

has suffered from a relatively poor dynamic performance. The
minimum gate delay of Si°’L [3] is primarily determined by

II. 12L GATE DESIGN

stored charge in parasitic diodes associated with the extrinA schematic diagram of arflL inverter is shown in Fig. 1.

sic base r
structures

egions of théll gate. Self-aligned collector-baseWe are concerned here with two forms 81 substrate fed
have been reported [4] which minimize the arealofjic (SF-FL) and conventional surface fed logic (k) of
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Fig. 3. Schematic cross-sectional view of the surface-fed integrated injection
Fig. 1. Circuit diagram of an integrated injection logic inverter. logic (C-L) gate. Dimensions (m) are, lateral:z; = 15, 22 = 10,

x3 = 30, x4 = 2.5, x5 = 10, x¢ = 10. Intrinsic device widthd = 15 and

width of extrinsic base railsd;,, = 2.5.

Clearly, the substrate fed version has higher packing density

Ground Voo VoV and inherently lower capacitance than the surface fed, but at
. ' the expense of more complex device design tradeoffs.
injector base - P N P . . -
rontact oxide The inherent advantages of the designs shown in Figs. 2 and
3 are firstly that the heterojunction emitter/base structure of
p" SiGe the N-p-N switching transistor produces highfor improved
N dynamic fan-out. Secondly the heterojunction collector/base

structure for the injector transistor reduces hole injection
into the base of the injector (also the emitter of the switch
in SF-PL) reducing charge storage in that region. Thirdly

p modern low temperature growth techniques (MBE or LPCVD)
| ensure excellent control of epitaxial layer thicknesses. This is
Vi especially important for the S N-p-N emitter layer which

Fio. 2. Schemati ional view of the substrate-fed intearated i has a strong influence on dynamic performance and was a
1g. 2. chematiC cross-sectional view o € substrate-ted Integrated Injec-. . P . . .

tion logic (SF-PL) gate. Dimensions(m) are, laterali, = 10, I = 15, ?ﬁajor drawback of the orlgl_nal technology._ Fm_ally, e_pltaX|aI
Iy = 25,1 = 2.5, 15 = 5, g = 2.5, - = 2.5. Intrinsic device width, SiGe bases are more readily scalable, which is an important
d = 12.5 and width of extrinsic base railgl,, = 3.3. advantage over SiL.

which the simplified cross sections are shown in Figs. 2 afid Design Constraints

3. These structures have been designed to be consistent witAn analytical model of the?L inverter has been presented
the epitaxial base and collector processes that are neebigdKlaassen [9] which allows the conditions for achieving
for a SiGe technology. The original conventional surfadaeverter action to be defined. Referring to Fig. 1, physically,
fed I°L circuits reported in [1], [2] featured a lateral P-N-Pthe requirement is that the merged P-N-p (injector) and N-p-N
injector transistor which was inefficient in delivering the basgswitch) transistors should be designed such that the voltage
current for the vertical switching transistor. The lateral P-Nassociated with a logic 1 on the base of the N-pWy,) should

P also led to the poor dynamic performance of the originhe sufficiently lower than the power rail voltage,;, so that
C-I2L circuits as a result of excessive charge storage in tHee P-N-p injector is able to supply sufficient current, that is to
vicinity of the emitter of the switching transistor which issay, the P-N-p must not totally saturate. There is also a limit
merged with the base of the injector transistor. The Side the “upward” gain,3.~, of the N-p-N switch transistor.
version of C-EL shown in Fig. 3 has a vertical P-N-p (upper-These two conditions can be summarized as

case denotes Si, lower-case SiGe), which has the potential to Isn < (1)
overcome the problem of poor dynamic performance because Isp

the heterojunction can limit the hole injection back into the Bun > 1 2)
base of the P-N-p injector transistor and also into the N- “N T —Isp/Isy

substrate. The SiGe collector of the injector transistor {Ghere . is the Gummel-Poon forward saturation current, the

merged with the base of the N-p-N switching transistor a%bscripts “N” and “P” refer to the N-p-N and P-N-p devices
the N-substrate forms the emitter of the switching tra“SiSt%spectively and

In the SF-EL variant [8], shown in Fig. 2, the emitter of the )
injector transistor is assigned to the substrate, thereby ensuring Is = gADy(Ny)nj (AEy(sice), ABgman)) 3)
an efficient supply of base current for the switching transistor. NyWy(Ny)
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where

Dy

i

Wy
Ny

Referring to (3), we now list the important design tradeoffs
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consideration of the following two equations which describe
electronic charge; the switched (free) charge associated with a quasi-neutral
emitter-base junction area; region bounded by injecting and collecting junctions:
diffusion coefficient of minority carriers in the base; q(A-W)n? v
intrinsic carrier concentration, dependent on both the AQpeut = =N “A <U—> (4)
Ge concentration and band-gap narrowing in the heav- ) _ ' ) _
ily doped base:; ano! that for the switched charge associated with a depletion
base width; region
doping concentration of the base, which is assumed 2.5 N
constant. AQuep =g - A P ANV 4+ Wy (5)

associated with the ratio dfsx /Isp which figures in (1) and where

Q).

1)

2)

3)

4)

g electronic charge;
Increasing the Ge concentration increages due to A area;
a reduction in bandgap and has the added advantages; intrinsic carrier concentration of the semiconductor;
of deferring the high injection condition in the base of N doping concentration of the region;
the N-p-N switching transistor to a higher bias value. W thickness of the epitaxial layer (or the diffusion length
However the excess charge storage in the base of the  if necessary);
N-p-N switching transistor is increased which affects V; applied junction voltage;
the dynamic performance. Vi built-in junction voltage;
Reducing the SiGe doping causes a net increase i thermal voltage.

Isy, as the band gap narrowing and other dependenciiise voltage terms in expressions (4) and (5) account for the
are weaker, in (3) than that oN,. ReducingN, difference in junction voltage at logic “1” and logic “0” and
however has the adverse effects of increasing the serige defined as:

resistance and charge storage in the base of the N-p-N Vs Vi Vio

switching transistor as well as reducing the bias level AGXP<U—J> = eXP(yL) - eXP(yL) (6)

for the onset of high injection. ‘ ‘ ‘

IncreasingW,» (P-N-p basewidth) directly decreases A\/(Vj + Vi) = \/(Vﬂ + Vi) — \/(Vjo + W)  (7)

Isp but also adversely increases the charge storage iﬂ o ann . . .
the injector base. A largeiV, » has the advantage of Where the subscripts “1” and “0” relate to high and low logic

reducing the series resistance in the base of the P_,}:_‘tpndlnons respectively. The average time to switch between

and also, for the SF variant, in the emitter of the N—p—t e two logic levels as a function of injector current is found

device. This is an important advantage, as the curr fem
is this layer will be high with a logic 1 at the input. Ty = 1 ZAQi (8)
Increasing the injector base doping redutes which 2 Iin;

decreases series resistance and increases the bias bﬁ}{%

for the onset of high level injection. There is also Bach region which when combined with the Ebers-Moll models

?r:seaggsagt:r%ittrrggsastzﬁgr:/cae”;)?tt,haesslt/v?tlsr?i:;;Ctr;iss(iesst%a}n be used to calculate the terminal voltages as follows.
e o The operating condition§V; Vi Vi Vono), for a
which limits switching speeds. b g &er, Visro, Vont, Voro)

given injector current, are determined by the following iter-

included in the model are the spreading resistances of

These important design tradeoffs place severe constraintsgfye procedure. First, the common emittgh) and common
the Ge concentration and doping levels but are vital to talggse (o) current gains and the spreading resistances of the

into account in a realistic appraisal ofLL In particular,

different layers, are calculated from the doping levels and

spreading resistance, especially in the N-p-N emitter layer cajicknesses of the various regions, ignoring depletion regions.
prevent inverter action [10]. Further comment is deferred {guth reverse injection and neutral base recombination are

the discussion in Section V.

considered as mechanisms for base current. Doping dependent
diffusion coefficients and band-gap narrowing are taken into
lll. THE CHARGE CONTROL MODEL account using the empirical expressions included in [11] and

In this section and the associated appendix, we descridg]- The effect of Ge concentration on the intrinsic carrier
the model which allows calculation of the average time tgoncentration is taken from [13]. Junction voltages and cur-
switch charge between two logic levels, as a function &gnts are then calculated using the Ebers-Moll transport model
injector current. The device is divided into discrete chard@ dive the emitter-base voltage of the switch transistor, as
storage regions associated with quasineutral and deple(;%% N

regions. The detailed expressions for the charge storage in each
region considered are presented in the appendix and can be Vv, . /n

Ien +Isy + (Ien/arn) — (Isn/arnarpy)

understood by referring to the list of symbols and the regional Isn — (ISN/CYRNCYFN)
definitions in Figs. 2 and 3. The principle is demonstrated by 9)
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and the base-collector voltage of the injector transistor as: Switching time (s)
Ves r 10
Experimental resul
— V- n Igp — Isp + (Icp/arp) + (Isp/arparpp) ' o frzﬂfrT”:f;Z;sﬁ]s

(ISP/O‘RPO‘FP) —Isp __ Simulated results using

the model! in this work

(10) 10°

Referring to Fig. 2, the emitter current for the injector transis-
tor of the SF-fL version only is

I 10 ore)
A
Igpp = . - Tip5. (12)
T
The factor 1,/I7" in (11) is an estimate of the fraction 10 , ,
of the emitter current that is collected in the base of the 10° 10° 10" 10°
switch transistor. The collector currents of the N-p-N switch Injection Current (A)
_tranSIStor Of_the gate under_cor_15|derat|0n and the P'NIEB. 4. Validation of the charge storage model by a comparison of the
injector transistor of the following inverter are eqd@kp = predicted switching time as a function of injection current with the measured
ICN), and so we can write results of Tanget al. [4].
Igp
Ieny = —. 12
N arp (12) IV. RESULTS

The active value forvgp is used in (12) because the injector
transistor of the loading gate is unsaturated with a logic zefe Validation of the Modeling Technique

on the output of the test gate. We can also write The self-aligned Si3L structure of Tanget al [4] was
(13) implemented in the model to provide experimental validation
of the analysis method. Average values for impurity levels of
Now, recognising thatVseny = Voep, (9) and (10) are diffused regions were used, deduced from the sheet resistance
equated and rearranged to allow calculatiod®# (=Ipn) of values given and taking into account doping dependence of
the first inverter and hencesr v can be found. The junction mobility based on the average values. The reported, measured
voltageVcp v can also be found from the appropriate equatiopalues for transistor current gaits, 3) were used. The results
of the form of (10). All currents can thus be determinedre shown in Fig. 4 and despite the approximations made,
in the “intrinsic” inverter and hence the voltage drop acrosgry good agreement is obtained between the experimental
the switch emitter layer with series resistan¢&ss, can be data points and the simulated switching time, which provides
calculated as confidence in the modeling technique used here for predictive
simulations. It is worth noting that the assumption of constant,
average doping concentration is more appropriate for the case
of the epitaxial SiGe structures considered next.

Igny = Icn + Icp.

Virs = (Ipy +Ipp) - Rps  for the SF-FL structure
(14a)
Vees = Iy - Rps  for the C-PL structure (14b)

Similarly the voltage drop across the collector series resistanBe, SiGe fL Simulations
Rcs, can be calculated using the following expressions: There are two aspects dfLl operation that must be consid-
(15) ered; firstly the fact that dimensions and doping concentrations
should satisfy the conditions for inverting action, and secondly,
This enables théerminal voltages to be found. These valuesvithin those restrictions, that the relative parameters should be
for terminal voltage are then used to give "worst casaiptimized to obtain the best possible transient performance.
estimates of depletion region widths and dependent paralihe parameters needed to satisfy the inverting action condi-
eters and the terminal voltages are re-calculated using @&@ns were determined by two-dimensional (2-D) simulation
justed values of quasineutral regions. Finally the varioyMEDICI) from which the SPICE dc model parameters were
charge componentéAQ;) are calculated using (A1)-(A13)extracted. The results of this process [10] identified the im-
or (A14)—(A28) and the propagation delay, for the inverter portance of minimizing spreading resistance, particularly in
switching between the two logic levels, for a given injectothe switch emitter, in addition to the requirements set by
current is calculated from (8). (2) and (3). The material parameters that are required to
The injector rail voltage can be calculated from allow inverting action are given in Table I. Using the doping
Vis = Vae p + Rep - Iop (16) concentrations iﬂ Table I it Was'founc.i that a'16% mole fraction
of Ge was required to ensure inverting action. The values for
where Rgp is the series resistance associated with the emitritch emitter doping concentrationdsg and Nigsg, heed
of the injector transistor. The value of injector voltage ohto be high in order to reduce spreading resistances.
tained from (16) allows the calculation of the average power Using these preliminary results the charge storage model can
dissipation. be utilized to determine the switching delay time, the power-

Vres = Ion - Bes.
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/\Qeex\
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Fig. 5. Calculated components of stored charge as a function of as a function of injection current: (a) substrate-fed Integrated Injection IEayic (SF-
and (b) surface-fed integrated injection logic (L.).

TABLE | Charge (C)
SUMMARY OF THE MATERIAL AND DEVICE s
PARAMETERS USED IN THE CALCULATIONS 10 T T T
_.-AQypg (0% Ge)
; . 10°, 5
C-rL SF-TL
Ngua 8x 10" em™ N 8x 10"%cm? .
L 0,
Nge 1x 10" em™ Nigse 5x 10" ¢m?® 10 Qrg (16% Ge);
Wp 600 nm Wiase 5 pm AQeg (16% Ge)
Niess 2x10° om® Nicss 2% 10 em? 10" Qe (0% Ge) 3
Wicsa 25 nm + 20nm of Wicss 25 nm + 20nm of 103 L i
intrinsic spacers intrinsic spacers
. 10° )
Ge mole percentage 16% Ge mole percentage 16%
Ni 1x10% cm? Nsc 2x 10" em™ )
Wis 300 nm Wie 300 nm 10' — — - - R
N 1x 10 cm’? 10 10 10 10 10
5C

Wee 300 am Injection Current (A)

Fig. 6. Stored hole charge in the switch emitt&Q},3) and stored electron

charge in the switch baseAQ.g) as a function of injection current for

substrate-fed integrated injection logic gates (3Eyiwith 0% Ge and 16%
delay characteristics and to identify which charge storaé;éa'
region limits performance. We present results for 2.5
design rules, unless otherwise stated, in order to allow easy
comparison with the literature. Fig. 5 shows the magnituddd. 6 for a SiGe (16% Ge) base and a pure Si base (0% Ge).
of the charge components as a function of injector curreftis observed that the inclusion of SiGe (16% Ge) in the base
I, for each structure using the parameters in Table . It c&h the switch transistor effectively reduces, for a given current
be seen that in both substrate fed [Fig. 5(a)] and surface féyel, the reverse injection of holes from the base to the emitter
[Fig. 5(b)] variants the most significant elements of charge at@@us) by more than an order of magnitude by virtue of the
those associated with the depletion regions @@, terms). heterojunction action. A disadvantage of introducing SiGe is
To reduce these charge elements the structural dimensi#figincrease in electron storage in the switch as@.g) due
and/or the doping concentrations of these regions have totBghe increase in intrinsic carrier concentration in the reduced
reduced. Unfortunately this latter modification will cause abandgap SiGe base. The benefits of SiGe clearly overcome
increase in critical series resistances in the associated regitisdisadvantages in a structure with adequate dimensions, as
and as a result there is tradeoff between depletion capacitaii® increase in electron storage in the base is little more than
and series resistance, as will be discussed later. a factor of three. The difference in size, doping levels and

The effect of introducing SiGe into the base of the switchpreading resistances between the two structures explains the

transistor is illustrated using the specific example of the twfact that this stored electron charge is greater in thélQHan
largest excess charge terms in the substrate fed structimethe SF-FL. These results imply that a properly optimized
namely AQyg (holes stored in the switch emitter) add).z  SiGe PL technology could potentially deliver a switching time
(electrons stored in the switch base). The results are showrthiat was more than ten times faster than its Si equivalent.
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Fig. 7. Calculated switching time as a function of injection current for th

substrate-fed (SFAL) and surface-fed (C2L) integrated injection logic gates. Elg' 9. Predicted logic level as a function of injection current for the

substrate-fed (SFAL) integrated injection logic gate. Also shown are the
intrinsic logic levels which are the logic levels at the terminals of the intrinsic
device (i.e. logic levels in the absence of series resistances).

Power-delay product (J}

11

10 T T T Switching Time (s)

10° . . .

. C-A 10

107 1 10

SF-I°L
// 10°

10" .
10"

e
TC-PL (2.5um)

SF-1?L (2.5um)

. C-IL (1um)
10°* 10 o SF-L (1um)
Injection Current (A) e o - ppe o

3

. . L . Injection Current (A)
Fig. 8. Calculated power-delay product as a function of injection current for

the substrate-fed (SPL) and surface-fed (C2L) Integrated Injection Logic Fig. 10. Calculated switching time as a function of injection current for a

gates. substrate-fed (SFAL) and a surface-fed (C2L) integrated injection logic
gate designed with a gate design rule of 1 um. Also shown for comparison
are the gates that were designed with a design rule of 2.5 um.

The switching delay times, power delay product and in-
trinsic and terminal voltage (logic) levels can be seen in
Figs. 7-9, respectively. The linear nature of the delay time
curve observed in Fig. 7 confirms that the switching at theseThe results in Figs. 5-9 indicate that a number of tradeoffs
injection current levels is limited by depletion charge. Thare involved in the design of SiGéll gates. We will begin by
power delay-product of SFAL can be seen, in Fig. 8, to considering the tradeoffs at low injection currents where the
be approximately a factor of three lower than that of2C-I charges in the depletion regioa\@p) dominate the gate
which is consistent with the switching delay times showhehavior. It is clear that to improve the switching time at
in Fig. 7. The predicted logic levels of the substrate fe@w injection currents, the dominant depletion charge should
version are shown as a function of injection current in Fig. ®e reduced. For the SEH structure, the switch collector
The terminal voltage levels can be seen to depart frod®ping consideration should be decreased until the switch
the intrinsic potentials at higher injection currents due teollector/base depletion chargeg)nc is lower than the switch
parasitic potential drops across the series resistances. The raostter/base depletion chargAQpg [Fig. 5(@)]. It is not
important component of series resistance is that associapsgsible to reduce the switch emitter doping in order to reduce
with the N epitaxial layer that forms the emitter of the switcl\Qpr, because of limitations imposed by series resistance
(NpN) and the base of the injector (PNp). The magnitude of the switch emitter. For the CHL structure in Fig. 5(b),
this access resistance causes debiasing of the NpN transiter charges that need to be minimized are the charge in
at high current levels which eventually prohibits circuit actiorthe injector collector/base depletion regidd)nr and in the
The cessation of circuit functionality can be seen in this caswitch collector/base depletion regionQpc. This can be
to occur at an injection current of 1 mA. achieved by reducing the doping in the collectors of the

V. DISCUSSION



2444 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 45, NO. 12, DECEMBER 1998

0.3 03
2.4 Pls 12 2.8 3.8 05F§ 14 1i05% 24

n epi-layer

p+ Substrate All dimensions in microns

All contacts = 1.4 microns

Fig. 11. Schematic cross-sectional view of the second generation surface-fed integrated injection logic gate. Layem)idites ( epi-layee= 3, selective
epi (in oxide windows) = 0.25, pT implants = 0.1, p™ SiGe= 0.045, p* poly-silicon 0.195, selective epi= 0.15. ComponentsAQpep, AQ. ep,
AQ. cr, AQpL are specific to this structure but are calculated using the same form of equations.
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13. Calculated switching time as a function of injector current for the
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Fig. 12. Calculated components of stored charge as a function of '”Jecg%ﬁf—aligned structure of Fig. 11.

current for the self-aligned structure of Fig. 11.
time. A reduction of the gate design rules from 2B to
injector and switch transistors. In the case of the former, ther&) |eads to a decrease in the switching time by a factor of
is a tradeoff with series resistance, because the collector of g@roxima@y 6 for both C2L and SF-EL. The benefits of
injector transistor is also the base of the switch transistor. Onegjucing the extrinsic areas of the gate can be seen in the
again, it is not desirable to reduce the switch emitter dopintifference in performance of Cil and SF-FL gates. The
concentration due to limitations imposed by series resistaneserall area of the SFAL gate is smaller than that of the
The above considerations suggest that, at low injecti@I?L gate because of the use of an injector in the substrate
currents the direct benefits of SiGe are marginal due (Big. 2). As a result, the critical depletion capacitors in the
the dominance of the depletion charge. A small benefit 8-FL gate are smaller than those in the ¥-Igate. Even
obtained, which is mainly due to the decreased charge in thither benefits would be obtained if self-aligned fabrication
switch emitter/base and collector/base depletion regions. $themes were used to reduce depletion charge and eliminate
low injection currents, the most effective way of reducing théie excess charge associated with the extrinsic base rails [4].
propagation delay is to reduce the area of the depletion regiofych a strategy has achieved a switching time of 290 ps in a
either by reducing the gate geometry or by employing sefure Si FL gate [14] at a gate geometry of;@n and one for
aligned fabrication schemes to reduce the extrinsic areasSife FL is presented in the next section.
the gate. In scaling the device geometry, SiGe is likely to be
of indirect benefit, since the increased gain of the SiGe switch V|- A SELF-ALIGNED SiGe FL TECHNOLOGY
transistor would allow scaling to smaller geometries than couldWe have seen that the biggest benefits of SiGe are to be
be achieved using a pure Siltechnology. Fig. 10 illustrates found at high injection currents where the stored chary€s
the effects of scaling the gate geometry on the switchirrmd AQ. dominate the switching time. Minority carrier stored
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charge increases with injection current (Fig. 5) and hence APPENDIX
dominates the gate switching time at the high speed end of CHARGE STORAGE EQUATIONS
the speed-power characteristic. Another factor which has toFoIIowing the approach in [7], one-dimensional (1-D) ex-

be taken into account in this region of operation is serig3essions can be written for the excess stored charge switched
resistances, which limit the achievable switching speeds. |y yeen the two logic levels set by the injector current, in each

careful optimization of the gate layout and architecture {5 e individual regions. Reference should be made to the list
needed to optimize the switching speed, and this is addresﬁ?%ymbols and the regional definitions in Figs. 2 and 3.
in the structure of Fig. 11. The structure features a self- g gSTRATE FED I2L

aligned SiGe HBT which minimizes the area of the extrinsic

base rails, and a lateral pnp injector for compatibility with 1) Electron charge stored in the substrate (injector

mainstream SiGe technology. Series resistances are minimized emitter)

by including an i buried layer with a sheet resistance of 20 q- nf(Si) “Le1r Vin;

Qsq. and a P polysilicon extrinsic base which is silicided AQes = W(ZT (d+die))A eXP<U—t>
with a sheet resistance of 2/sq. The charge components (Al)
from application of the stored charge model are shown in

Fig. 12 and delay characteristic in Fig. 13, where a maximum which consists of excess electrons in the injector
delay of 34 ps is predicted using 1.4 micron design rules. In emitter.

calculating these curves, a Ge concentration of 16% was used 2) Hole charge stored in the injector base/switch
and base, emitter and collector doping concentrations »f 4 emitter

10t cm=2, 3 x 10" cm~* and 1x 10" cm~? respectively. q-nZs; - Wisse Vg
Optimum performance at the highest achievable current level AQups = 5 N (I - (d+ di))A eXP<—>
was achieved by ensuring that the depletion and stored charge IBSE 1:‘2
components in the vicinity of the NpN base are equal. The (A2)
predicted gate delay of 34 ps is 8.5 times lower than the which consists of holes from the injector emitter
reported experimental value of 290 ps for 3 micron puré5i | (substrate) and the switch base (SiGe). The latter is
gates [14], which clearly demonstrates the potential of SiGe suppressed by the heterojunction action.

I2L. In addition, there is undoubtedly scope for improving  3) Electron charge stored in the switch base/injector

on the gate delay by scaling the device geometry and further collector

optimising the gate layout. Q'n?(SiGe) Wicss

AQep = Ly - (d+di))A
VII. CONCLUSION @en 5 Nag e (A4 du))
The paper has presented a modified charge storage model % exp<@> (A3)
for use in the investigation and design of SiGa Igates, Ut
taking account of the detailed architecture of the gate. The which consists of electrons from the switch emitter
modified charge storage model allows identification of the (injector base) and switch collector when saturated.

dominant charge storage regions in thk gate and represents 4) Hole charge stored in the intrinsic switch collector
a powerful aid in optimization. The model is structure-based,

includes both switch and load devices and allows for appro- AQue = ¢ ”?(Si) Wsc (e _d)Aexp<VBE> (Ad)
priate loading of input and output of a given inverter. The 2- Nsc Ut
importance of d.c. design constraints has been emphasised so which consists of holes from the SiGe base when the
that realistic values for parameters are used. Furthermore, the switch is saturated. This component of stored charge
effects of series resistances which preclude operation to higher is suppressed by the heterojunction action.
injector currents, is inherent in the model and is shown to be 5) Hole charge stored in the switch collector injected
a very important aspect ofll gate design. from the extrinsic base rails

At low injector currents, the use of SiGe has been shown
to offer only marginal benefits, since the switching speed is  AQnext

dominated by cjepletion region charge. Thg most importgnt _ q-nf(Si) - Lysc : D WA Vee
advantage of SiGe at these current levels is likely to be im- = W(Z (lo +d) - Wse) eXP<U—t>
proved scalability ofiL technology. At high injector currents, (A5)
where the switching speed is dominated by stored minority

carrier charge, the use of SiGe ifLItechnology has been which consists of holes injected from the extrinsic
shown to have important benefits. A reduction by a factor of base rails into the switch collector.

more than ten in the stored charge is obtained when 16% Ge 6) Electrons in the extrinsic base rails

is incorporated into the base of the npn switch resistor. The A

model has been applied to a self-aligned structure which is Qeext )

specifically optimized for SiGe’L and a switching speed of _ 2 Mis “Lesp 2-(lc + d) -WSC)Aexp<@>
34 ps is predicted even at a geometry of 1.4 micron. This delay 2- Nsc Ut

will be further reduced with a fully optimized, scaled design. (A6)
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which consists of holes injected from the extrinsic 3) Electrons stored in the switch base/injector collec-
base rails into the switch collector. tor

7) Switch emitter/base (injector base/collector) deple- 2 WA
. q - NisiGe (&) Vi
tion charge AQ.p = (SiGe) | TICSB 4. A<expﬂ>,
2. NicsB U
(A16)

p 4) Holes stored in the injector base

X Av/ Vg 4+ Vi (A7)

This element of charge is defined by the active area.
8) Switch collector/base depletion charge

2-e,-€5 - NN
AQDEIQ'\/—IBSE(ZA'(d-i-dbr))

2

q- sy - WiB Vinj

TEY T dA exp—=2 |. (A17)
2'NIB U

5) Holes stored in the intrinsic switch collector

ACth =

2
q- sy - Wse VBE
2.6, -5 Ny AQue = — )72 o dA ZBE ). (A18
AQpc=1¢q- — 5C (lc - DAV Ve + Vi Qe 2- Nsc * <exp v (A18)
(A8) 6) Holes stored in the switch collector injected from

the extrinsic base rails
This element of charge is defined by the switch

collector area.
9) Switch collector/base sidewall depletion charge

2-6,-65 - N
AQpcs = q- 1/%2'1/‘/50'(104-60
X Ay Veg + Vi (A9)

This element of charge accounts for the vertical sidewalls AQ _ q'nz2(Si) ~Lus

formed by the P implantations down to the SiGe layer. liBext 2. Nsc
The depletion charge in the emitter/base junction of the VBE

injector transistor was assumed to be negligible. The voltage 'A<6va—t>'

terms included in each charge difference expression account

for the difference in voltages at logic “1” and logic “0.” The

q- g - Lusc
2- Nsc

v
-A <exp£).
Ut

7) Holes stored in the injector base injected from the
extrinsic base rails

ACJhCext = . (2 - WSC . (.’L’5 —+ d))

(A19)

. (2 -Wig - (.Tg + d))
(A20)

8) Electrons stored in the extrinsic base rails

full expressions used are given below:

Wi Wi Wi
Aexp <E> = exp < BEL ) — exp< BEO) (A10)
Ut Ut Ut
‘/in' ‘/in' ‘/in'
Aexp( J) = exp<—ﬂ> —exp<—J0> (A11)
Ut Ut Ut

AV (Var + W) = V(Ver + Vi) — vV (Varo + Vi)
(A12)

AV (Ves + Vi) = (Ve + Vi) — vV (Veso + Vi)
(AL3)

The termsVgg:, Vero, Vosi, Voo relate to high (1) and

low (0) logic conditions andvy,; is the appropriate junction

built-in voltage.
SURFACE FED 1%L

1) Hole charge stored in the N substrate

q- 7172(51) : LhSub
2- Nsus

. A<exp@>.
(%

2) Hole charge stored in the switch emitter

AQys = 0z (d+ dy)

(A14)

q- ”1‘2(51) Wse )
2 . NSE

<A <exp Ver ) .
Ut

AQpN = (146) -z (d+ dy)

(A15)

q- nz‘Q(Si) « Lesp
2 - Ngco

- A <exp@>.
Ut

9) Switch emitter/base depletion charge

2-g,-65 - N
AQpe = ¢~ 4/ %m (d+ du)
- AN/ VBE + Wi (A22)

10) Switch collector/base depletion charge

2.g,-£, - N
AQDC:(I'H%x{)'d'A\/VBC‘FVbL

(A23)

AQ@ ext = . (2 . Wsc . (J}c + d))

(A21)

11) Injector collector/base depletion charge

[9.c, .- N
AQpr=gq- $$3'd'A\/VBC+Vbi~

(A24)
12) Injector collector/base sidewall depletion charge

2-g,-€ 'NIB
AQpost =g - %

- AV VaE + Vi

2 - WIB(QZ?, + d)

(A25)
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13) Switch collector/base sidewall depletion charge Simon P. Wainwright (S'91-M'95) was born in
Newcastle-Under-Lyme, U.K., in 1969. He received
the B.Eng. (hons.) degree in electronic engineering
in 1991 and the Ph.D. degree in 1995 from the
q University of Liverpool, U.K.. His thesis was based
| on SOI technology and included materials charac-
A /VBC + Vi (A26) \ @ terization, device physics and the design of very low
‘ voltage, low power circuits.
E In 1994 he started studying the SiGe materi-
als system primarily modeling SiGe HBT's and
optimising their characteristics for inclusion in in-

AQposs = ¢ -

The high-low junction that results if the substrate dopin

Nsysg, is different from the switch emitter dopingVsg, o _ optmt ; n
rated injection logic circuits. In 1996, he moved to Spain to join the

has been treated using a S'.m.p“fled version _Of the anal_y%? versity of the Basque Country (UPV/EHU) as a Lecturer, where he worked
presented by Dutton and Whittier [16] who define a blockingh low power circuit design. In March 1998, he moved into the semiconductor

. industry with Fagor Elecénica S. Coop., Guijzcoa, Spain, working on
parameter, as:
discrete power devices.
Nsg - Drsus - Wsg Dr. Wainwright is a member of the Institute of Physics and is a Chartered
L2

(A27) Physicist.

Nsus - Dpse - Lisus

The parametef [see (A2)] is then written as
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from the University of Liverpool, U.K., in 1987, for
work on a new form of integrated injection logic in
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