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Abstract— We investigate the impact of the non-ideal temperature
dependence of Ic-Vpg on the performance of ultra-wide temperature
range SiGe HBT bandgap reference circuits. Both the slope and in-
tercept of Ic-VpE show temperature dependences that significantly dif-
fer from ”ideal” Shockley theory widely used in BGR analysis and de-
sign, and are shown to have significant impact on AVgg(T), Ic(T) and
Vee(T).
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I. INTRODUCTION

Due to its excellent analog and RF performance over an ex-
tremely wide range of temperatures [1], SiGe BiCMOS elec-
tronic components can operate robustly in the extreme tem-
perature environments encountered in space exploration. Pre-
cision bandgap references (BGRs) are extensively used in a
wide variety of circuits required for such missions, and have
been demonstrated to work well at cryogenic temperatures [2]
[3]. To further optimize BGR performance at cryogenic tem-
peratures, it is necessary to understand and model the non-
idealities found in existing designs, which we address in this
work for the first time.

Typical BGR design assumes an ideal temperature depen-
dence of the Ic-Vpg characteristics predicted from Shock-
ley’s transistor theory, with various degrees of assumptions
on the temperature dependence of the bandgap. At cryogenic
temperatures, however, the slope of measured Ic-Vpg signifi-
cantly deviates from ideal 1/V7 [4] [S]. A temperature depen-
dent non-ideality factor Ng(T') is necessary to describe the
slope of Ic-Vpg. The measured intercept of I¢-Vpg, known
as the saturation current I, also shows a temperature depen-
dence drastically different from traditional theory below 200
K [4] [5]. Tt is therefore logical to examine how these device-
level deviations from traditional theories affect BGR output
at cryogenic temperatures. In addition, a key question cen-
ters of whether we can successfully model BGR performance
over extremely-wide temperature ranges using the transistor
Ic—VpEg model of [5]. The first-order BGR design from [2] is
used here, which was fabricated using a first-generation SiGe
BiCMOS technology with 50 GHz cut-off frequency at room
temperature.
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Fig. 1. Schematic of a first-order SiGe bandgap reference [2].

II. TECHNICAL APPROACH AND RESULTS

Fig.1 shows the schematic of the BGR analyzed [2]. M4-
M7 and Q-Q,, along with resistor R;, generate the PTAT
bias current Ipr4r, Which is set by AVgg. Q) and Q3 con-
sists of four parallel copies of 0.5x2.5 um?* SiGe HBTs. The
emitter area of O is eight times of that of Q; and Q3. Vg
of Q3 is controlled by Ipr4r, and increases with cooling. Vs
is the sum of Vg of QO3 and the voltage across R,, PTAT
voltage proportional to AVgg through I, (T).

A. Slope of Ic-Vgg and Impact on AVge(T) and 1,4 (T)

The “PTAT” AVg(T) is generated from the Vg differ-
ence of Q1 and O, two transistors operating at different cur-
rent densities. Shockley theory predicts a I¢ — Vg slope of

1/Vy, and a AVig of Vi In (%) which is ¥ In (8). How-

ever, the measured AVgg of the BGR clearly deviates from
Vr In(8) below 200 K, which is shown in Fig. 2(a). This de-
viation from strict PTAT behavior originates from deviation
of Ic — Vg slope from 1/Vr, and can be modeled using a
non-ideality factor Np(T) [S]. AVpg(T) is then given by:

AVpe(T) = Np(T)VrIn(8). ey
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Fig. 2. (a) Measured AVpg-T and calculated V7 In(8)-T from 43 to 300 K.
(b) Np-T from 43-300 K.

Np(T) can be modeled using [5]:

T - Tnom
Tnom

NF(T) = NF,nom <1 -

Tnom XNF
<ANF T > > 2)

where T,,, is nominal temperature, N g ., iS non-ideality
factor at nominal temperature, which is close to unity, and
Anr and Xy F are technology dependent fitting parameters.
Using (2), Np(T') and consequently AVgg(T) can be well-
modeled, as shown in Fig. 2(b).

Transistors M4-Ms and Me- M5 are identically-sized pairs.
Ipr a7 1s then amplified through transistor Mg, with an ampli-
fication factor k = (W/L) ., /| (W/L) .

Np(T)VrIn(8)

Lof(T) = klprar(T) = k R
1

3)

We mention in passing that the “PTAT” designation is no
longer strictly accurate below 200 K because Np(T) > 1.
The slope of Ic-Vpg, or 1/Np(T)Vy, directly affects the
BGR’s AVg(T) and hence I,,(T), which then determines
Ve of O3, as detailed below.

B. Is(T) and Impact on Vgg(T)
Ve of O3, Vg 3 is given by:

Ly (T) kR

Is5(T)

where I3 is the Ig of Q3.

We have seen that the slope of I — Vg affects Vpg3
through the Ny (T)V7 term. The intercept of Ic-Vg, Is(T),
further affects Vg 3 through the I53(T) term in (4).

The most complete I5(T) expression derived using ideal
Shockley transistor theory was given by Tsividis [6]. Using
the popular nonlinear bandgap-temperature relation E;, =
E,o— aT?/ (T + p) [7], the result can be rewritten in a form

Vees = Np(T)VrIn = Nr(T)VrIn “)

R
Iss3(T)’

= = fitted by (5)
— fitted by (7)
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Fig. 3. Is extracted from measurement vs. s fitted by (5) and (7) for single
0.5%2.5 um?* SiGe HBT from 43-300 K.

that resembles the I5(T’) equations found in compact models:

Is(D) =1 < > )X ol ) ®)
= nom e €X' B
g 8 Tnom P VT
Tyom” TTom
Ea,t = Ea,nam - aﬂ ) ap , 6)
Tpom + ) T+ B) (Thom + B)

where E,, appears in the place of bandgap activation energy
E4 in VBIC (other compact models use different symbols),
but is now temperature dependent due to the nonlinear tem-
perature dependence of E,;. E,.n is the extrapolated 0 K
E, at nominal temperature, usually 300 K, and Is,om is Is
at nominal temperature. X ;s includes the temperature coeffi-
cient of mobility and density of states, a=4.45 x 107 V/K,
p=686 K, and E, yom, Isnoms and X s are model parameters.

We observe that the measured I5(7) is much higher than
prediction of (5), by orders of magnitudes at lower tempera-
tures, as shown in Fig. 3. Even though the underlying physics
is not yet understood, the measured Is(T) -T can be well
modeled by [5]:

T N);'{YT) —E,; (1 - Tim )
Is(T) = I, <—> exp| —————2
s S\ o Pl 7 Neavr

(N

The effectiveness of (7) in modeling Is(T) can be seen in
Fig. 3.

We now examine the impact of Is(T) on Vggs. To ex-
amine the roles of the Ic — Vg slope and intercept, that is,
Ng(T) and I5(T), we chose 3 model combinations, as shown
in Table 1. Model 1 produces the classic slope and intercept
models, both of which are “wrong” at lower temperatures.
Model 2 produces the correct slope but the “wrong” intercept.
Model 3 produces the correct slope and the correct intercept
of I C'VB E-
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TABLE I
MODELS EXAMINED IN THIS WORK.

Name Modell Model2 Model3
Ng(T) 1.025 2) 2)
Is(T) (5) (5) (7

Fig. 4 shows Ic-Vpg for a 0.5x2.5 um? SiGe HBT at 300
K and 43 K. The symbols represent the (Vg 3, Ior/4) pair
using (3) and (4). The factor of “4” represents the multiplicity
number of O3. At 300 K, the nominal temperature, all of
the three models have the same I,,; value, and give the same
VgE 3, because they all have the same N and Ig at 300 K, as
expected.

At 43 K, with Np(T), the slope of I¢ — Vg is correctly
modeled by both model 2 and model 3. Model 2 and 3 thus
have the same and correct I,,,. However, for model 2, I is
underestimated by traditional theory, leading to a much higher
VgE 3 than model 3.

For model 1, the situation is more complex. The slope of
Ic — Vg is overestimated as N is fixed at its 300 K value.
The intercept of I¢ — Vg (Is) is underestimated. The final
Ic — Vg from a model that gives a wrong slope and a wrong
intercept, however, is surprisingly not too far off from mea-
sured data in the current range of interest for producing Vg 3.
As aresult, the Vg 3 from model 1, the traditional model, is
much closer to model 3 than model 2, which actually has the
correct slope.

The above process can be repeated for all temperatures to
yield Vg 3-T, which is shown in Fig. 5. This is completely
equivalent to a calculation using (4), but the graphical illustra-
tion yields a much better intuitive understanding of the model
differences. Model 3 successfully reproduces the measured
Vpgs-T characteristics. The Vpp3-T prediction from tra-
ditional theory, model 1, is not terribly inaccurate, because
of the cancellation between underestimated intercept, I5(T),
and the overestimated slope, 1/N(T)Vy. This cancellation
is circuit design dependent, however, and is to a large extent
a coincidence for the BGR design analyzed.

C. Vs (T)
The BGR output V;. is given by:

Vier(T) = Vg 3(T) + Lps(T)Ry = Vpp3(T) + KAVpp(T),
(@)
where K = kR, /R;. The temperature dependence of K can
be negligibly small by choosing high precision, low temper-
ature coefficient resistors and careful layout design to mini-
mize resistor mismatch. The resistor used in the BGR exhibits
a temperature coefficient of 17.8 ppm/°C over the temperature
range of 43-300 K. In practice, K is often chosen to make the
positive temperature coefficient of AVpg(T) cancel the nega-
tive temperature coefficient of Vg (T'), to produce a zero tem-
perature coefficient V,.r(T') at a nominal temperature, usually
300 K [6] [8].
Fig. 6 shows the measured and modeled K xAVgg versus
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Fig. 4. Measured and modeled Ic-Vpg for single 0.5x2.5 um? SiGe HBT
at 43 K and 300 K.
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Fig. 6. Measured and modeled K xAVpg from 43-300 K.
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Fig. 7. Measured and modeled Vs from 43-300 K.

temperature. Due to the use of a constant N, model 1 devi-
ates from measurements below 200 K. Model 2 and 3 accu-
rately capture K xAVpg.

The sum of Vgg3(T) and KxAVgg(T) gives V,r, which
is shown in Fig. 7. Additional calculation shows that the
VpEg3(T) difference between the models dominates over the
KxAVpgg differences. Model 2 has the largest Vg3 and
hence V,,; deviation from measurement. Traditional theory,
model 1, is not terrible in predicting Vs, because of coinci-
dental cancellation between underestimated intercept, Is(T),
and overestimated slope, 1/Ng(T)Vr.

On the other hand, we observe that the overall V., varia-
tion with temperature for model 3 is less than that for model
1. The difference is that model 3 accouts for the deviations
of both the slope and intercept of Ic — Vg from traditional
Shockley transistor theory, model 1. This suggests that such
deviations actually help make the BGR output vary less with
temperature than traditional theories would predict, and ex-
plains why BGRs experimentally perform much better than
predictions using traditional BGR design equations at lower
temperatures.

III. SUMMARY

We have examined the impact of the non-ideal tempera-
ture dependence of I¢-Vpg in SiGe HBTs across temperature
on the output of a first-order SiGe bandgap reference. These
nonidealities are shown to actually help make the BGR output
voltage vary less at cryogenic temperatures than traditional
Shockley theory would predict. For the particular BGR de-
sign examined, the overall V,;(T') prediction from Shockley
theory is not too bad, because of the cancellation between
underestimated intercept and overestimated slope. Success-
ful cryogenic temperature modeling of both AVgg and Vg
components of the BGR output is demonstrated for the first
time. The modeling method presented provides basis for fur-
ther optimization of SiGe BGRs operating across extremely
wide temperature ranges, and down to deep cryogenic tem-
peratures, where existing design equations fail.
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