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Technique for measurement of the minority carrier mobility with a bipolar
junction transistor

S. L. D'Souza, M. R. Melloch,® and M. S. Lundstrom
School of Electrical and Computer Engineering and NSF-MRSEC for Technology Enabling Heterostructure
Materials, Purdue University, West Lafayette, Indiana 47907-1285

E. S. Harmon
MellWood Laboratories, Inc., West Lafayette, Indiana 47906

(Received 31 October 1996; accepted for publication 19 November) 1996

A simple technique to measure the minority carrier mobility using a bipolar junction transistor is
demonstrated. By fixing the base-emitter voltage, the carrier injection into the base is constant. The
collector current is then monitored as a function of a magnetic field applied perpendicular to the
current transport across the base. The magnetic field leads to an increase in base transit time and a
corresponding decrease in collector current. From the resulting fractional change in collector
current, the minority carrier mobility in the base can be determined. For narrow base transistors,
quasiballistic transport across the base must be taken into account when determining the bulk
minority carrier mobility. © 1997 American Institute of Physids§0003-695(97)00904-3

The minority carrier mobility is an important parameter embedding the effect of parasitics, which become significant
for design of pn junction devices—but it is difficult to mea- at high frequencies.
sure. Most minority carrier mobility measurement methods A much simpler method to determine the minority car-
require the use of very high frequency modulation or ul-rier mobility from the change in base current with applied
trafast transient techniques. The two most common minoritynagnetic field in a heterojunction bipolar transisteiBT)
carrier mobility measurement techniques are the zero-fielavas demonstrated recently by Betseral®® The Betser
time-of-flight (ZFTOP?! and the short circuit unity gain technique requires a HBT to eliminate back injection of
cutoff-frequency {1)? techniques. holes from the base into the emitter. With a fixed emitter

The ZFTOF technique utilizes an ultrafast laser pulse tocurrent, the applied magnetic field results in an effective in-
generate an impulse function in time and space of electrorcrease in the base transit time, which is monitored by the
hole pairs at the top of the p region of a pn diodEor corresponding increase in base current. From the change in
measuring the minority hole mobility an np diode would be base current with applied magnetic field, the minority carrier
used) The photogenerated electrons diffuse toward the juncmobility in the base could be determined. Betseal®® ap-
tion and cause a current to flow when they are collected bylied this technique to an InP/InGaAs HBT. We have modi-
the junction. The minority carrier diffusivity is obtained by fied the Betser technique so as to measure the change in
fitting the measured transient response to the onecOllector current with the applied magnetic field, thereby
dimensional minority carrier diffusion equation. The ZFTOF €liminating the effect of processes such as back injection of
technique requires ultrahigh-speed packaging and optimizzﬂo'es and surface recombination, that also influence the base
tion of the diffusion region under the constraint that it be thin€UITent. In this letter we demonstrate that the magnetotrans-
enough to minimize recombination effects yet thick enoughoort technique applied to collector currents can be used to

to produce a measurable transit tiiéhe ZFTOF measure- determine the minority carrer mobility in any BJT, and so
can be applied to any material system.

ment is further complicated by photon recycling, optical gen- L ; .
. . P ed by p ycling, optical g A schematic diagram of the experimental setup is shown
eration of carriers with high excess energy, and optical gen-

. : . : : . in Fig. 1. The variation of collector current with magnetic
eration of nonimpulse functions in space carrier profiles. The
minority electroi* and hol@ mobilities in GaAs and the
minority electron mobility in InGaAs have been measured
using the ZFTOF technique.

The minority carrier mobility in GaAs has also been de-
termined by measuring thig- of a bipolar junction transistor
(BJT).2” This method requires transistors with reasonable
gains at low frequency, hence, homojunction BJTs in many _|
semiconductor systems cannot be utilized for these measure- <~ B tWB
ments. At higher base doping levels the minority carrier life-
time in the base decreases, and thin bases have to be used to
maintain the gain at low frequency, which leads to an in- —_I_-—
crease inf;. The application of this method to transistors
with high base doping requires characterizing and de-

FIG. 1. Schematic diagram of the experimental setup. The fractional change

in collector current is measured as a function of the intensity of the magnetic
3E|ectronic mail: melloch@ecn.purdue.edu field applied perpendicular to the direction of current flow.
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field can be determined from the transport equation for elec- 1.2 prerrprerrpreereeTTTreTTTTeTeeD
trons in the base of a BJT in the presence of a magnetic field c i L e
as %g 0.8 E
nq T\ oF, 63 f /i/
an—ﬁ<m> 2 @ g5 % 7
¢ T2 04| &
whereq is the magnitude of electronic chargk,,, n, m*, L3 - j}/ﬁ'
7 andF,, are thez directed components of current density, ® 02 /0’
carrier concentration, electron effective mass in GaAs, mo- L ——
mentum relaxation time and quasi-Fermi level for electrons 0 5 10 15 20 25 30 35 40
in the base, respectively, angl, is the cyclotron frequency Magnetic Field” (k&%)

evaluated from
FIG. 2. Data and the best fit curve fdfg = 100 nm under bias conditions
:E 2) of Vpe= 1.15 V andV,,= 1.8 V. The empty and filled circles represent the

We m*’ data for positive and negative polarities of the magnetic field, respectively.

where B is the magnitude of the directed magnetic field )
across the base. Assumiagr<1 , this can be written 4% netotransport experiments were conducted at room tempera-
ture with constant base-emitter and base-collector voltages
for BJTs with a base doping of %10'° c¢cm? and base
widths of 400, 200, 100 and 50 nm. The magnetic field was
, - . . varied from 0 to 0.6 T and the variation of the fractional
where ., and u/, are the minority carrier mobility and the . : o .

- : change in the collector current with the field intensity was
magnetotransport mobility for electrons in the base. From

Eq. (3) itis clear that the magnetic field reduces the effectivemeasurEd' The data was fitted to £8).and the mobility was

e : . extracted from the slope of the fitted curve. The data and the

diffusion constant in the base, and using standard BJT theor, : ) .
) . est fit for the 100 nm base width transistor Y4y.= 1.15 V

the collector current|«(B), under the applied base-emitter

: D andV.,= 1.8 V are shown in Fig. 2.
voltage biasVy,, and magnetic field can be expressed as The measured mobility as a function of base width is

1202 be shown in Fig. 3. The measured mobility decreases as the
le(B)=lo(1—up"B)ex kgT|’ 4) base width decreases, indicating quasiballistic transport
across the thin basé$.To relate the measured mobility to
the mobility in bulk material, the mobility versus base width
data was analyzed using a device model based on a one-flux
trons. One thus has treatment of carrier transport proposed by Tanaka and

Al¢(B) 12002 Lundstrom?® from which the magnetotransport mobility in
IC(B—=O):’M” ' (5  the base of a BJT was derived to be

©)

, JF,
Jnz=Nup(1- /-anBZ) 7

7,

where |, is the saturation collector currenkg is the
Boltzmann constant andl is the temperature of the elec-

whereAl .(B) is the reduction in the collector current caused

by the magnetic field. By fixing the base-emitter and base- /| (Wg)=§& + , (7)
collector biases, the electron magnetotransport mobility can 14 —28 u
be determined from the resulting variation of qQWpvRr

Al(B)/1.(B=0) with B.
The experimental technique for determining minority whereug is the minority electron mobility in bulk material,

carrier mobility presented in this letter is analogous to theWs is the base width of the BJT, andg, is the Richardson

geometrical magnetoresistan¢&MR) experiments' per-  velocity evaluated from

formed to determine majority carrier mobility. The magne-

totransport technique measures a magnetotransport mobility

and not the actual minority electron mobility. The ratio be- Base Width (nm)

tween these two quantities is similar to the ratio between the B S N

GMR mobility*® and the majority electron drift mobility and

can be expressed‘as

g_u_é_ [(=(E))3) ©
Mn (1(E))*”

where7(E) is the momentum relaxation time of an electron
with kinetic energyE. Betseret all! estimated¢ using Eq. I
(6) for p-type InGaAs withN, =1.4x10° cm® and N, 00' - '5' = '10' = '15' = '20' = '25
=3.4x10" cm?® to be 1.195 and 1.315, respectively, at 1/Base Width (um™)
300 K.

The fabrication process and the details of the films usegg, 3. Mobility vs reciprocal of base-width data and the best fit curve
for the GaAs BJTs have been described eatfifhe mag-  obtained from the Tanaka-Lundstrom modekf. 13.

W
(4
QQ
o

N

n
(o)
N
o

1750 F

Effective Minority
Electron Mobility (cm?/Vs)

875 |

RIGHTYS 12)s. Lett, vol. 70, No. 4, 27 January 1997 D'Souza et &.



RIGHTS

Base Width (nm) critically dependent on processing, such as, graded base
A ¥ (compositional or dopingtransistors. This technique can
. ] also be used to determine the base transit time. Therefore, for
sl — 1 a transistor whose current gain is limited by base transport
[ v ] and whose base width is known, the minority carrier lifetime
: K ] in the base could be determined from a measurement of the
/,/ Iliga;a':g';dzg?;z/m:de' ] gain. From a measurement of the collector saturation current
S density, thenizeDn product in the base could also be deter-
mined andn;, extracted, whera,, is the effective intrinsic
P PPN IR S B carrier concentration in the base caused by heavy doping
0 5 o 15 20 25 effects** Therefore, with a single bipolar test transistor the
1/Base Width (um') minority carrier mobility, minority carrier lifetime, and ef-
FIG. 4. Coflect ¢ rat ] Lof b th data from th fective intrinsic carrier concentration could be extracted.
satu'rat.ed goﬁgcct)(r)rccuurrrfenntr(jaelr?si\t/; giglepr:?n(::ntg co?ns;axld Withatr?atrgrn;dic'ied This work was supported by the Office of Naval Re-
by the Tanaka-Lundstrom modéRef. 13 with the bulk electron diffusion ~ S€arch under Grant No. N00014-95-1-1302 and the NSF
constant= 90.46 cni s equivalent to a bulk minority electron mobility of MRSEC for Technology Enabling Heterostructures under

Collector Current Ratio
n

3480 cnf v s™. Grant No. DMR-9400415. The authors thank Professor R. F.
Pierret for access to the equipment in the undergraduate
V= (kgT/2mm*)2 (8) semiconductor characterization laboratory.
wherem* is the effective mass of GaAs. IM. L. Lovejoy, M. R. Melloch, R. K. Ahrenkiel, and M. S. Lundstrom,

The fit of Eq.(7) to our experimental data is shown in  Solid-State Electron3s, 251 (1992.
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