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Voltage Shift in Plastic-Packaged Bandgap References

Buddhika Abesingha, Gabriel A. Rincén-Mora, and David Briggs

Abstract—Bandgap references, packaged in plastic, have been known
to shift in voltage, a pre-package to post-package voltage variation.
This package shift has been analytically discussed and experimentally
investigated in this paper. The culprits for such a variation are the
package-induced stresses present once the reference is encapsulated. Sys-
tematic voltage shifts can range from —3to —7 mV, and isclosely related
to package type and processing. Major emphasis has been placed on
reducing the random package-shift component, since systematic package
shift can be trimmed and its temperature coefficient compensated. The
package shift is seen to have a systematic positive temper ature coefficient;
its effects are mitigated as temperature increases. In summary, results of
the study show that die-surface planarization techniques and mechanically
elastic compliant layers between the die and the package reduce random
as well as systematic package shifts. In particular, systematic variations
improved from —5 to —2 mV (0.4% to 0.17% bandgap error) and
three-sigma (3o°) variations improved from 8 to 4 mV (0.67% to 0.33%
bandgap error) when adding a 15-pm mechanically compliant layer
between the die and the package.

Index Terms—<AUTHOR: PLEASE SUPPLY YOUR OWN KEY-
WORDS OR SEND A BLANK E-MAIL TO KEYWORDS@IEEE.ORG
TO RECEIVE A LIST OF SUGGESTED KEYWORDS>.

|. INTRODUCTION

Bandgap referenceslike the Brokaw cell in Fig. 1 areused in awide
variety of integrated systems where accurate and precise voltage refer-
ences with excellent line regulation and temperature-drift performance
arerequired [1]. Since bandgap references play a pivota role in deter-
mining the accuracy of integrated systems, designers employ different
typesof trimming techniques and algorithmsto compensate for process
variations, temperature, and complex second-order and third-order ef-
fects [2]. However, bandgap references encapsulated in plastic pack-
ages exhibit a characteristic shift in voltage. Once it is packaged in
plastic, the bandgap reference’s output voltage differs from its orig-
inal, nonpackaged value. This package shift, unfortunately, is not com-
pletely consistent from unit to unit, even if the same encapsulant and
packaging technique is used. This randomness is detrimental since de-
signers cannot easily account for this variant in the design phase.

This paper reports the investigation of post-package shift in bandgap
voltage references, with a discussion of the causes of stress in plastic
packages (Section I1), effects of such stress on bandgap references
(Section 111), techniques used to minimize package shifts (Section IV),
experimental results (Section V), and finally, drawn conclusions (Sec-
tion VI).

Il. STRESSIN PLASTIC PACKAGES

The main cause for internal stresses in plastic packages, which are
relatively inexpensive, compact, and moisture resistant and therefore
more popular than the ceramic counterparts, is the difference in coeffi-
cient of thermal expansion of the plastic mold and the silicon die. Most
of the plastic molding is done at atemperature of 175 °C to lower the
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Fig. 1. First-order Brokaw-type bandgap reference.

viscosity of the plastic mold. The plastic, which hasatypical coefficient
of thermal expansion greater than ten timesthat of silicon, transmitsan
ever-increasing stress to the chip as the package cools from molding to
ambient temperature [3]-{5].

This differences in thermal expansion coefficients between the
plastic and the die results in norma compressive stresses and shear
stresses on the die. For most plastic packages, the normal compressive
stresses in the x direction (sxx) and the y direction (s, ) are about
an order of magnitude larger than the normal stress in the vertical
z direction (s,,). This characteristic difference results because the
lateral dimensions of the plastic mold are significantly larger than
the thin vertical plastic layer on top. Vertica s,,, of course, increases
with thicker layers of plastic mold. The shear-stress tensor (7., 7,
Txz) fOr o—y, y—z, and x— planes, respectively, is also about an
order of magnitude smaller than normal compressive stresses s« and
s, Strain gauges placed on chips to identify package stresses have
shown that surface compressive stresses s« and s, are highest at the
center of the die, while s, is highest at the corners and the edges of
the die. All three normal stresses, however, are uniform toward the
center of the die while showing large gradients toward the edges and,
especialy, the corners of the die. All three shear stress components,
Tey» Tyz, @Nd 7, Are highest at the corners and the edges of the die and
lowest toward the center of the die. The shear components show large
gradients but they tend to be minimal at the center of the die [6]{8].

One of the main vertical compressive stress-related failure mech-
anisms reported in the literature is the filler-induced mechanism [9].
The plastic mold consists of silicafillersthat vary in size and shape, as
shownin Fig. 2(a). Thefillers are used, among other reasons, to reduce
the thermal coefficient expansion of the package to prevent destructive
effects like corner and passivation layer cracking as well as metal-line
shifts. Depending on the size, shape, and orientation of these fillers,
they exert intense stress fields on localized regions of the die.

I1l. EFFECTS OF MECHANICAL STRESS ON BANDGAP REFERENCES

Compressive stresses, and the resulting strain, can change several
physical characteristics of semiconductors. The most significant
of these changes are variations in the energy band structure of the
semiconductor, which is manifested by increases in minority carrier
concentrations.
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Fig. 2. Cross-sectional images of (a8) nonplanarized, (b) planarized, and (c)
mechanically compliant layer (“sandwich layer”) dies.

A. Stress Effectsin BJTs

Quantum-mechanical studies have shown that changesin the energy
band structure results in a decrease in the bandgap energy of semicon-
ductors, like silicon and germanium, and a corresponding increase in
minority carrier concentration [10]. Furthermore, theseincreasesin mi-
nority carrier concentration depend on the crystalline direction (e.g.,
[100], [111], or [011]) in which the stress is applied; athough, this ef-
fectisminimal insilicon. Thereverse saturation current I, of ann—p—n
BJT is proportional to the minority carriers in the base. Therefore, I,
under mechanical stress can be written as

I, = L,y(=) (]

where I, isthe reverse saturation current of the BJT in the unstressed
state, v(=) is the ratio of base minority carriers under stress to that
of minority carriers without stress, and = is the magnitude of stress.
Compared to increases in minority carrier concentration, stress-related
changes in the electron mobility are assumed to be negligible on I, as
[10] points out. Mechanical stress, consequently, tends to cause BJT
devices to become stronger, increasesiits 1.

B. Stress Effects on Bandgap References

If the BJTSs, as well as the resistors in the Brokaw bandgap cell, in
Fig. 1 are matched properly (discussed further in Section V) and the
resistors, particularly R, have negligible stress effects (e.g., polysil-
icon resistors [11]), then it can be shown that the change in bandgap
voltage, AVgq, can be given by

AVag = Vrln <L1°) =~ Vrln (L) =-Vrin[v(e)] (2
Isl 7(6)

where V7 isthe thermal voltage, and .1, and I, are un-stressed and
stressed reverse saturation currents of Q; (Fig. 1), respectively. There-
fore, the effect of package stress on the bandgap reference is to lower
its voltage by an amount approximately given by (2).

C. Effects on the Bandgap’s Package Shift

Theoretically, post package stress is a result of a difference in the
thermal expansion coefficients of the plastic mold and the silicon die.
It can be approximately shown, as a result, that

£X 5 (Tsp - T); T<T, (€©)]
where:= isthediestrain, s isthe stressonthedie, and T' istemperature
below the molding set-point T, whichis usually around 175 °C[12].
The stress placed on the die by the plastic is directly proportional to
the molding set temperature. Consequently, the bandgap voltage shift
worsens with higher temperature differentials from the molding set
point. Because stressisdirectly proportional to temperature deviations,
and since~( =) can be approximated by an exponential relationship (the
Appendix), (2) and (3) show that the bandgap voltage shift resembles
a parabolic relationship with temperature

AVea & —Vi In[y(2)] & Vi In [eleJrCQ]
=-V;ln [ecl(TsP*'T)JFC?] = —coTer (T, — T) + c2]
4

where k1, co, ¢1, and co are mathematical representations of combined
physical, semiconductor, and package related constants.

IV. MINIMIZING PACKAGE SHIFT

Because of the complexity and irregularity of the stress in plastic
packages, the bandgap package shift, from unit to unit, is not com-
pletely consistent. The package shift can therefore be represented with
two components: a systematic mean and a random component. The
systematic mean component is largely based on the particular plastic
package used and the process used to packageit, and isreflective of the
stress placed on the die by that package type. Conseguently, the system-
atic component can be compensated in the design phase. The random
component of the shift, on the other hand, isthe result of unpredictable
variations of the stress matrix and is assumed to conform to a Gaussian
distribution.

Considering the distribution and magnitudes of the stress compo-
nents, as discussed earlier, the center of the die provides the greatest
safeguard against stress. Precise matching of critical components
within the Brokaw cell also alleviates the random component of
package shift. Further, if the fabrication process permits, R, and R-
in Fig. 1 should be designed with a low piezoresistive material. In
general, polysilicon resistors exhibit much lower piezoresistivity than
diffused resistors.

In minimizing package shift, the effects of overall die aspect ratio,
die surface texture, and mechanically compliant layers (“sandwich
layers’) have been investigated. The aspect ratio of the die can deter-
mine the level of strain the die experiences under stress. Deformation
of the die, such as structural twisting and bending, which is a function
of torque placed on the die, affectsall the devices on the die and addsto
the effects of localized strain. Rectangular structures with large aspect
ratios, length to width, are more prone to such deformations under
stress than square structures made of the same material. Therefore,
square dies potentially yield better performance than their rectangular
counterparts in minimizing the random component of the package
shift.

Under normal processing, the surface of the die has an uneven tex-
ture, mainly aresult of the presence of thetop metal layer. Thetop metal
linesyield abrupt topographical “humps” whilethe pitch between them
creates “troughs.” The field-oxide and passivation layers on top mimic
this incoherent texture. A cross-sectional image of a nonplanarized
wafer is shown in Fig. 2(a). As aresult of this coarse surface texture
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Fig. 3. Practical bandgap circuit used for measuring package shift.

and thefillersin the plastic mold, the stress field from the plastic mold
isnonuniform. Such anonuniform field leads to enhanced random shift
behavior. Therefore, planarizing the surface, to flatten it, alleviates the
random shift. A cross-sectional image of a planarized wafer is shown
in Fig. 2(b).

An elastic thick-film layer in-between the plastic mold and the
die surface can absorb some of the stress from the plastic mold and
minimize the “filler-induced effects’ by distancing the die avay from
the filler-loaded plastic. Therefore, an elastic “ sandwich layer” 15 pm
thick, can minimize the random package shift component by achieving
auniform stressfield. Fig. 2(c) shows an image of achip with a“sand-
wich layer” placed between the die and the plastic. Note that, before
depositing the “sandwich layer” (proprietary stress-relief materia),
the wafer was planarized. Most other conventional stress-relief layers,
such as spin-on coats, are costly and require thick-profile packages.
Although planarization techniques and stress-relief layers may not
be offered by all process technologies, the concepts discussed above
apply universaly to all processes.

V. EXPERIMENTAL SETUP AND RESULTS

A test suite was designed to investigate the effects of aspect ratio,
die surface texture, and “sandwich layers’ on bandgap package shift.
The test suite consisted of awell-characterized Brokaw-type bandgap
reference (Fig. 3) placed squarely on the center of both a square die
(W x L = 2034 x 2034 pm?) and a rectangular die (W x L =
2034 x 4193 pm?), shown in Fig. 4. The wafers were (100) silicon.
To ascertain the effects of planarization and the 15 ;:m thick “ sandwich
layer,” only the square dies were tested. Non-planarized dies were used
to test aspect ratio effects. To simulate and statistically analyze the ef-
fects of the planarization and the “sandwich layer” methods in actual
production, some of the devices were trimmed to 1.2 V before pack-
aging. As aresult, these devices display a narrow rectangular distribu-
tion resulting from finite trim resolution. Each die was data logged, for

O Vss
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TABLE |
PACKAGE-SHIFT STATISTICS
SQUARE RECTANGULAR TRIMMED
Die Die Units
AVga AVps AVoreser
. 2 [mV] -5.06 -5.87 -5.1
P Now 36 [mv] 7.92 8.25 10.8
LANARIZED #of DUT 13 16 27
4 [mV] -4.26 -4.9
PLANARIZED 36 [mV] 6.51 1034
#of DUT 17 32
£ [mV] -2.26 -3.9
S‘{‘S‘;f” 35 [mV] 4.14 7.05
#of DUT 10 31

tracking purposes, before and after packaging. Keeping track of each
devicealowed theindividual package shiftsto be monitored and statis-
tically analyzed. The square and rectangular dies, aswell as the n-p-n
BJT structures were packaged in 16-pin plastic dual-inline-packages
(PDIP).

The statistical mean and the standard deviation results of the package
shift for the square dies sent through all three processes, the rectangul ar
dies sent through just the normal nonplanarizing process, and post-
package voltage variations for the trimmed devices are summarized in
Tablel. Thetable a so provides the number of devicestested. The mea
surements were taken at room temperature. The nonplanarized square
dies yielded marginally better performance (16%—-18%) than rectan-
gular dies. Dies coated with the 15-m sandwich layer yielded sig-
nificantly improved performance (47%—-48%), compared to noncoated
dies. The temperature dependence of the bandgap package shift was
also investigated. Measurements were performed at 15, 25, 50, 75,
and 100 °C. Fig. 5 shows the temperature variation of the bandgap
package shift for several devices. Note that the empirical dataindicates
amostly linear relationship of package shift versus temperature, which
are the perceived effects of a small temperature range. Additionally,
the temperature coefficient (TC) of the package shift shows variation
from unit to unit, just like package shift itself. For this experiment, as-
suming a mostly linear TC for the package shift, the average TC was
about 0.044 mV/° C and its standard deviation was about 0.012 mV/° C.
Fig. 6(a) shows atemperature measurement of abandgap reference be-
fore (at probe station) and after packaging, while Fig. 6(b) shows the
temperature variation of package shift which isthe difference between
pre-package and post-package values of Fig. 6(a). Note that the TC of



4 IEEE TRANSACTIONS ON CIRCUITS AND SYSTEMS—II: ANALOG AND DIGITAL SIGNAL PROCESSING, VOL. 49, NO. 10, OCTOBER 2002

Fig. 5.

1.238
1.236
124
1232

123
1228
126
1224
122

VBG

post-package

5 25 3B 45 5 6 B & B
T (oC)
(€Y
15 25 35 45 55 65 75 8 95
O n n 1 L n n 1 I
-0.001 |
-0.002
-0.003 |
-0.004 -
-0.005 |
0006 L— S —

T(oC)
(b)

Fig.6. Temperaturevariationsof (a) Vs beforeand after packaging, and (b)
AVB G-

AVBG

the bandgap reference becomes more positive after packaging. The de-
signer, asaresult, can compensate the mean by including the TC of the
package shift in the temperature compensation of the circuit.

V1. CONCLUSION

Package-induced offsets, unfortunately, vary from unit to unit while
roughly conforming to a Gaussian distribution. From adesigner’s per-
spective, the problem is addressed in two ways: 1) compensating the
mean offset aswell asthe mean TC and 2) minimizing the effects of the
mechanisms that cause random variation. The best approach to com-
pensate for the mean package shift offset and its TC, which turns out
to be mostly linearly positive in the temperature range of interest, is
to include it in the design of the circuit itself. As aresult, characteri-
zation of the bandgap circuit within its particular package is required.
Additionally, if the process technology permits, adding a moderately
thick, yet thin relative to dropper-applied and spin-on overcoats, layer
of elastic material between the die and the plastic mold yields signifi-
cant improvements, amarginal cost that, depending on the application,
may be worthwhile.
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Fig. 7. Ratio of stressed to unstressed minority carrier density as a function
of stress in silicon. Values are given for (000), (111), and {011) uniaxia
compression stress [10].

APPENDIX

Derivation
Ratio of stressed to unstressed minority carrier density

Pro— gz 21 and =) > 1

Pno 1po

where p,., n,-stressed minority carrier concentrations in n-type and
p-type material, al “0” subscripts denote unstressed values, <., , =, -po-
sition-dependant strains in »-type and p-type material. v is afunction
of stress (Fig. 7) and approximated by a single exponential only in the
stress region 10°-10° Pa—otherwise, a function of several exponen-
tials—which is the approximate magnitude of stress in plastic pack-
ages. Reverse saturation current

kAR, Tny
Wa

qAEnnp
Is = — =
Wg

where g—electric charge, k—Boltzman's constant, A—emitter
cross-sectional  area, D, —average effective electron-diffusion
congtant (D,, = 7, Vi), I, —average effective electron mobility,
Vr—thermal voltage (Vr = kT /q), T—temperature, Wr—Dbase
width, and n,—base minority carrier density. Thus

kAR, Tn ov(z
1, = AT g e,

Wg -
Bandgap voltage Ve (first-order Brokaw reference—Fig. 1)
. Ry . ;
Ve = VBE1 +25-V2 In(NV)
Ry

where Vi1 —base-emitter voltage of @1, V—therma voltage, and
N —emitter area ratio of Q2 and Q1 (N = I /I1), and L, I
saturation currents of ¢); and (). Bandgap voltage shift

AVsa =Vea — VBao

. R: .
= |VBE1+2 R_Z Vo ln(]V):| - |:VBE10+2
|

2

Z]Z Vi In(N,)|.

If thecircuitisin auniform stressfield (with aproper layout—to match
resistors and BJTs)
ISZZ ~ Is:lo
Isl - Islo

Ry _ Ry,
Ri ~ Rio

= N = N,,

and

I Ifl
AVea = VBE1 — VBE1o = Vrln <T) —Vriln ( >

sl Isl
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p IIslo
=Vrin <IoIsl )

where I = VpIn(N)/R;—collector current. Since N is approxi-
mately equal to N,—stress effects on resistor R, are negligible (e.g.,
polysilicon resistors [11])—I isroughly equal to I, and

Isl

AVsg = Vrln (ISIO) ~Vrln (L> = —VrIn[y(e)].

(2)
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