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Experimental Verification of the Physics and
Structure of the Bipolar Junction Transistor

[. Martil, Member, IEEE J. M. Marin, S. Garta, and G. Gonalez-Oaz

Abstract—We present an electrical characterization of dis- can be found only in research papers published during the
crete Bipolar Junction Transistor (BJT) devices with nonuniform  |ast thirty years (See, for instance, [1, Ch. 3] and references,
doped emitter and base zones. The measurement of teV" and therein). From an educational point of view, we have not
C-V characteristics of the emitter—base and the collector—base L
junctions and the common emitter current gain allows to deter- found undergraduate-levgl laboratory e)_(pe”ments focused on
mine relevant parameters of the device. These are the built-in the practical demonstrations of the main aspects of the BJT
voltage of both junctions, the impurity gradient profiles, the theory.
electrical area of both junctions, the base and the emitter Gummel In this paper, we propose a set of electrical measurements
numbers, and the collector doping. The whole experiment can be to be performed on discrete Si BJT’s to measure several key
conducted in a laboratory session of 3—4-hour length and it is . . . .
specifically addressed to students taking lectures in semiconduc-d_ev'ce parameters, which are re_sponSIbIe for the 'FranSIStor ac-
tor device physics. The results obtained give a deep insight into tion. The measurements are designed to be done in a 3—4-hour
both the physical structure and the physical processes involved laboratory session and are focused on a second course on
in the transistor behavior. semiconductor device physics.

Index Terms—Bipolar junction transistor, device parameters,

physics of BJT's. Il. THEORY

Present-day discrete Si BJT devices are made using the same

fabrication processes involved in integrated circuit fabrication.
IPOLAR junction transistors (BJT), together with field-As a consequence, the structure of BJT commercial devices is
effect transistors (JFET, MOSFET, etc.) are the mostore complex than the ideal structure: the doping of the base

widely known semiconductor devices. Students of semicoand the emitter zones is made by diffusion or ion implantation
ductor device physics devote several weeks to understand dfiémpurities into the uniformly doped collector zone. This
complex physical processes involved in the transistor actianeans that doping profiles of both the emitter and the base
There are excellent books which provide a comprehensigee not uniform and, therefore, it is necessary to use Gummel
treatment of the physics of both BJT and FET's [1]-[3]. numbers to characterize their respective doping levels instead

From the practical point of view, laboratory experimentef impurity-concentration values [8]. Due to the resulting
with BJT’s are mainly concerned with two aspects: determiloping profiles of the three zones, the characteristics of both
nation of the equivalent circuit of the BJT [4] and simulatiormitter—base and collector-base junctions (EBJ and CBJ) are
of the BJT behavior with proper programs, PSPICE being tlidependent on the bias-voltage range of measurement, behaving
most popular among them [5]. as linearly graded junctions for small dc bias voltages (both

However, experiments with the BJT are scarce, and mairdy them) and as an abrupt junction for large reverse dc bias
focused on the practical applications of the device (i.e., signailtages (the CBJ) [2]. In Fig. 1 we present a scheme of the
amplification, phase shift, etc.). The electrical characterizphysical structure and the impurity doping profiles for a typical
tion of a BJT has been used to obtain information abontp-n BJT double-diffused discrete device [3].
semiconductor parameters (bandgap of Si and Ge) [6], withThe I-V characteristic of the EBJ, when the collector is
no emphasis in the determination of device parameters ligrort-circuited to the base (i.e., when the BJT works in the so-
doping levels, minority-carrier lifetimes, etc. Quite accuratealled transdiode regime whel& g = 0) [6], can be written
information about the physical structure of the BJT can kas follows:
deduced by means of the-V' characteristics of the device 1 1
starting from the Ebers—Moll model [7] and introducing simple Ig = qApn? <_ + _> (e?VE/KT _ 1) 4+ Irp (1)
changes into the equations for a more suitable description Gep  Gp
of double diffused transistors [_2]._ On th_e other har_wd, axhereVE is the EBJ dc biasdy, is the EBJ area, and is the
means ofc=v measureme_nts, it is possible to obtam ahtrinsic Si carrier concentratiod: g andGg are, respectively,
ditional data from the device. However, these experimenis hase and emitter Gummel numbers, defined as follows [3],
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Regarding the CBJ, if the emitter is short-circuited to the
base Vg = 0), the -V characteristic of this junction is as

follows [2]:
1 We e
Ic = qAcn?| =+ —— (/M — 1)+ T 7
c=9q an<GB +N0TC>(C )+1Irc (7)
" suestrote where V¢ is the applied dc bias to the CB4, is the CBJ
1 area (due to crowding and other doping related effedts,is
C always greater than the EBJ areby), W¢ is the uniformly
(a) doped collector width,N< is the collector doping, andc
is the minority-carrier lifetime. The collector contribution to
07— s c the total currentf{W¢ /Ne7¢) is negligible in relation with
1022“\ the base contributiof1/Gp), so theI-V characteristic of
107 the CBJ, in the diffusion-dominant regime, can be used to
10°F \\g determine the Gummel base number if the collector atea
100 \g,\ is known [8].
108} V N o As in the case of the EBJ[g- takes into account the

recombination currents in the CBJ space-charge zone and
can be written as in (5). Departures from (7) arise from the

Dopant concentration (cm )
3 2
T T
\\

105k \i J presence of base resistance, collector resistance, or both.
ot | \i{f The capacitive behavior of the CBJ is strongly influenced
10° TP " i by the doping profile of both base and collector: it behaves

Distance like a linearly graded-type in the low reverse-low forward dc
b bias voltage range, while at large dc reverse bias the space-
() charge zone is well inside the uniformly doped collector and

Fig. 1. (a) Schematic cross section of a discrete BJT. (b) Typical dopir@ﬁe C-V characteristic is as in an abrupt junction.
profiles: nonuniform emitter, nonuniform base, and epitaxial uniformly doped

collector.
Ill. EXPERIMENTAL
W
Gp = ? Ng(z) e 3)  We have characterized ten units of the n-p-n 2N2222A
o Dg() general-purpose Si BJT from different manufacturers, five

where W and W5 are the emitter and base widths, redevices with TO-92 plastic encapsulation type (from ITT), and
spectively, andDy and Dy are the diffusion coefficients of five other with TO-18 metallic encapsulation (from Motorola).
minority carriers in each zon&7x and Gy characterize the In performing the measurements, we discovered that the TO-

doping in the respective zones. 18 encapsulated devices showed an anomalous behavior in the
The Gummel number§'s and G determine the dc com- CBJ I=V' characteristic, with unexpected, very high current
mon emitter current gain of the devicky g values in the 0-0.4-V range. For voltages higher than 0.4 V,
the I-V characteristic was roughly the expected one. We think
hrp = % (4) that surface or leakage currents, strongly dependent on the
B

encapsulation type, may be the reason for such anomalous

In (1), IrEe takes into account the recombination currents ipehavior. Due to this fact, we will present only the results
the space-charge zone of the EBJ, and can be written as [bB}ained with the TO-92 devices.

qApn;W i Following the theory outlined in the previous section, the
= (VBT ) (5) I-V characteristics of both EBJ and CBJ were obtained with

the third terminal short-circuited to the base. The measure-

where .. is the carrier recombination lifetime ard” is the ments were made following a procedure already described in
width of space-charge zone. TheV” characteristic of the EBJ 3 previous paper devoted to p-n junction characterization [11].
can be influenced by other nonideal effects, like high injectiqie will briefly describe it here: in the T62—10">-A current
current from the emitter into the base, base resistance, or bgfhge, the measurements were obtained using a Keithley K-602

Due to the commonly used doping procedures, the capafectrometer g; = 10'2 ©2) in the ohmmeter configuration, in
itive behavior of the EBJ is as in a linearly graded junctioRyhich the electrometer works as a current supply, injecting

Irp

r

The equation that fully describes it is [1] into the p-n junction a current whose value is the inverse of
A acta 1/3 the ohmmeter scale reading, and the meter reading gives the
Cgpo = <ﬁ) (6) device voltage drop across the junction. In this way, a single
bi, E — VE

set of current—voltage values is obtained for each ohmmeter
whereCg gy is the emitter—base capacitance when the collect@nge. In the 10°-10'-A current range, we measured the
is open,ar is the impurity gradient factor, ant,; g is the -V characteristics by using an external current supply, with
built-in voltage of the EBJ. the electrometer now used as a high-impedance voltmeter, and
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Fig. 2. CE%(J as a function of dc bias voltadé: for a representative device V_ (Volts)
with plastic encapsulation (TO-92). E

Fig. 3. I-V characteristic of the EBJ in the transdidode configuration
we measured the current values with a digital multimeter. (hcs = 0) for the same device of Fig. 2.
this range, we have measured three experimental points per
current decade. With this experimental setup, it is possibiadient factoray is obtained from the relation between the
to obtain very accurate values of the reverse diffusion amilt-in voltage andayz [13]
recombination saturation currents (the estimated error is lower 5
than 2%). This precision was good enough to obtain the right 2 kT 1 <M) (8)

Viep =5 In{ =3
values of the Gummel numbers. q an;

The C-V' characterization was done by measuring thghere the built-in voltage is the so-called “gradient” voltage.
C, — G, small-signal equivalent circuit of both the EBJ and Thus from theC'-V measurements, we obtain the following

CBJ with the third terminal open (i.e., we measu€gso values for the different junction parameters involved in (6)
and Ccpo capacitances, respectively) with an HP-42844nd (8):

impedance analyzer. The dc bias ranged betweth and 0.6

V. In the —10-0-V range, ac small-signal bias was 50 mV, Voi,p =0.62£0.01 V

while in the 0-0.6-V range, it was 15 mV. These conditions ap =(9+£2)x10* cm™*

were found to be the best choice to obtain both capacitance and Ap =(2.140.2) x 1072 cn?.

conductance values with a precision better than?16F and .

103 1S, respectively, over the whole range of measurementg™S hoted by Chawla and Gummel [13], the use of the built-

[12]. We present only measurements takenfat 1 MHz. N vqltage as in (8) (the “gradlent”_ volta_ge) is rr_1andatory to

Measurements performed at lower frequencies (1, 10, and 1ain an accurate value of the impurity gradient and,

kHz) gave the same results. The accurate determination of {iR1C€, of the EBJ electrical aref. For the studied devices

capacitance is also necessary to obtain the right values of Yf¢ have found with an optical microscope that the physical

emitter and the collector areas (errors less than 10%). ~ areaofthe BJT ig3.6+0.4) x 10~% c?. However, the device .
The common emitter output characteristics were measur@#e9raphy is an interdigitated complex structure and thus it

with a Tektronics 571 curve tracer to obtain the dc commdias not possible for us to measure the actual EBJ or CBJ

emitter current gain parametdiyx (the estimated error for réa. It should be pointed out that if the experimental data are

this parameter is 4%). analyzed in the usual framework of linearly graded junctions
[1]-[3], unrealistic values are obtained for the parameters
IV. RESULTS AND DISCUSSION guoted above. This important question has been extensively

analyzed by Van den Biesen in two papers [14] and [15].

_ We_z preser_wt results of EBJ and CBJ separately. For egefy ihe purpose of our experiment, the “gradient” voltage
junction we first present the results of the-V measurements. approximation forV,; r quoted in (8) gives a simple and

) ) excellent quantitative treatment of tiie-V" data.

A. Emitter—Base Junction Fig. 3 shows thd—V characteristic of the EBJ for the same

In Fig. 2, we plotC}3, data as a function of dc reverse biaslevice as that of Fig. 2. It can be seen that over the ten orders
for a representative device. From the plot, a straight line in tlé magnitude of current measured, the characteristic fit well to
—3-t0 —0.5-V dc bias range can be seen. As expected frontte diffusion current (1). In the 131-10"%-A range, there is
double-diffused junction, this behaves as a linearly graded omeslight departure from the ideal behavior, due to the presence
in agreement with (6). From the extrapolation(ftg,?’30 =0, of recombination currents in the space-charge zone of the EBJ,
we obtain the built-in voltage of the EBY;, . The impurity accounted for byl g in (1). The fitting in the ideal regime
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25 than—3 V, the data fit to &= %, behavior, thus indicating the
. T~ change from graded to abrupt for the CBJ, already described
~ 20f ; . COLLECTOR | for diffused junctions. Fig. 4(b) is a plot of 3, versus
wo ot ! ans N dc bias. Inset into both Fig. 4(a) and (b) is a picture that
%O 15} : ’ graphically illustrates the transition from graded to abrupt CBJ.
¥ - The analysis of the data of Fig. 4(a) is as it was done with
“ 010 Fig. 2 for the EBJ and gives us the following value for the
o junction parameters:
05F
1 Vii,c =0.441+0.01V
0.0 . . ac =(4+1) x 10*® cm™*
-06 04 -0 00 02 04 06 _ _3
v, (Vots) Ac =(4.140.4) x 1073 cn?.
@) The “gradient” voltage and the impurity gradient parameter

are lower than those obtained for the EBJ, as expected from
a double-diffused junction [2]. Collector area is greater than
emitter area, due to divergent paths for the emitter-to-collector
current (i.e., the crowding effect at the emitter-to-base contact).
The collector area is also quite similar to the device area, which
is consistent with the physical structure of a discrete device,
where the collector contact is made in the back of the BJT,
in the whole chip area [3].

We determine the doping level of the epitaxial collector
zone,N¢, by means of the data of Fig. 4(b). In fact, from the
theory of the unilateral abrupt junction it is easy to show that

5 4 3 2 1 o0 —2
dCgpo _ 2
VC (VOltS) dV quCA%«
(b) . .
@ Ct f . | e d f From the analysis, a collector doping¢f-1) x 10** cm=3
Fig. 4. (a)Ccp, as a function of dc bias voltage., of the device of ; ;
Figs. 2 and 3. The inset shows the space-charge distribution, were the d’% educed, a common value for this parameter (usually this

. 6 om—3 i
behaves as a graded junction. B),%, as a function of reverse dc bias lANQ€S from 18" to 10'° cm~?) [2]. A careful analysis of the
voltage V- for the same device. The inset shows the transition from gradekperimental data following the graphical procedure described

to abrupt nature for this junction. in [13] gives a collector doping o6 x 10'* cm™2, in good
agreement with the above quoted value. Then, the procedure

gives a saturation current ¢2.39 +0.04) x 10~** A. From outlined in the previous paragraph gives an accurate and

the output common emitter characteristics measured, we obtgiifple way to obtain the collector doping, without the use of

the common emitter current gainez = 220 + 10. troublesome graphical procedures, where the physical meaning
We now determine the Gummel number of the bésgas is usually not apparent to the students.

follows: we introduce thévrr value into (4), then substitute In Fig. 5, we plot the/-V characteristics of the CBJ for

it in the expression for the diffusion reverse saturation curretite same device. The fitting of the data of Fig. 5 to (7), gives

quoted in the first term of (1), and using the emitter atéa, @ reverse saturation current @.8 & 0.05) x 107** A. As

deduced from th&’—V measurements, we finally obtain before, using the expression for this current and the collector
_ N area deduced fro@—V measurements, we determine the base
Gp=(3.6+£05)x 10" cm =-S. Gummel numberG s

(9)

This is a typical value for the base Gummel number in Gp=(3.94£0.6) x 10" cm™ . s
double-diffused silicon transistors [9]. We will again determine
G from the I-V characteristic of the CBJ in Section IV-B. in quite good agreement with the previously determined value
We now obtain the emitter Gummel numb@g; from (4) from the -V and C-V data of the EBJ.
Finally, Fig. 5 shows an obvious departure from (7) in the
high-voltage zone probably due to the presence of a collector

also a typical value for this parameter [9]. resistance [1], [2].

Gp=(79+15) x10¥ cm™*.s

B. Collector-Base Junction V. CONCLUSIONS

In Fig. 4(a), we pIotOg,?;.0 as a function of the dc bias We have measured thle-V andC-V characteristics of the
voltage for the same device as before. In th@.5- to 0.5-V EBJ and CBJ of Si 2N2222A general-purpose BJT’s, with TO-
range, the data fit well to a straight line, showing the grad®&2 plastic encapsulation. We have also measured the output
character of the CBJ in this range. For dc bias voltage loweommon emitter characteristics. From the measurements, we
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(Vs = 0) for the device of Figs. 2—4.
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