An improved version of the Haynes—Shockley experiment with electrical
or optical injection of the excess carriers
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The Haynes—Shockley experiment allows direct measurements of the drift mobility, of the diffusion
coefficient, and of the recombination lifetime of excess carriers in semiconductors. In order to obtain
easier and more accurate measurements in a didactic laboratory, we designed a new setup for this
experiment that uses electrical or optical injection of the excess carriergoo@American Association

of Physics Teachers.

[. INTRODUCTION The sweep field makes the electrons and holes drift
togethe? toward the grounded electrode with a mean veloc-
The time-of flight method, first introduced by Haynes andity v ,= 4. \F<, whereuam,= fntp(P— )/ (o + wpp) i
Shockley to measure the electron and hole mobility, is NoWihe ambipolar mobility, which approximates the minority
a standard technique for investigating semiconductor propefsayriers mobility in sufficiently doped semiconductors.
ties. This experiment should be a basic one in an introduc- ager g delayt, those excess carriers that have survived
tory solid-state laboratory course because it gives a direGly;ompination will reach the sample region underneath the
and instructive picture of the excess carrier behavior. oint brobe C. The diodB ~ . which is reverse biased by the
While the experiment is conceptually very simple, it is point p ' I ¢ faninori . | y
usually not easy to execute due to some experimental diffi.[es'Stoer’ acts as a collector faninority carriers(electrons

culties that may spoil its didactic efficacy: the main problems'n the present cageTherefore, a weak current of eIectrc_ms
ws throughR;,, and only when the burst of excess carriers

are related to the point probes used to inject and to detect tHio ) . :
excess charges. reaches the collector region does this current increase, due to

In this paper we describe a new experimental setup thdhe larger density of free electrons,l and a negative pulse
offers several advantages over the one we proposed son@ér0SSR, can be detected by an oscilloscope. Actually two
years agd. The most important is the possibility of injecting Peaks appear at the collector for each injected pldse the
the excess carriers not only by an electric pulse, as usual, biitsert in Fig. 3. The first peak(with amplitude and width
also by means of a short light pulse produced by an infraregimilar to those of the pulse applied to the emitisrdue to
laser diode. the injection pulse propagating from E to C at the speed of

In Sec. Il we review the essential features of the Haynestght in the semiconductor material; therefore it is practically
Shockley experiment, in Sec. Ill we describe our new experiSimultaneous with the injection pulse. The second peak is
mental setup, in Sec. IV we give some experimental result§dlue to the excess carriers flowing past the collector and it is
for mobility and diffusion coefficients in Ge and Si, and in much smaller and broader, owing to diffusion and recombi-
Sec. V, we give an example of how to obtain the recombi-nation processes. ) _
nation lifetime from the area of the collected pulses. Moreover, both peaks are superimposed on the fraction

aVg (0<a<1) of the sweep voltag¥,, which is seen by

the collector point. It is necessary to subtract from the col-
Il. THE ORIGINAL HAYNES —SHOCKLEY lector signal the underlying sweep signal to be able to am-
EXPERIMENT plify and detect the small signal due to the excess carriers.
This can be achieved by passing the collector signal through

In the HayneS_Shock|ey experimenjp.ajope& semicon- a differential amplifier, as described in Sec. Il E.
ductor bar has two Ohmic contacts soldered at the ends. One The separation of the two peaks on the oscilloscope time
of these bias contacts is grounded7 and a negative Vo‘{tgge scale yields the carrier time of ﬂlg"]& The drift velocity is
is applied to the othetproducing an electric fiel&Es (sweep  then obtained asy=d/t, and the mobility as
field) across the sample. Two metallic point probes E and C, _ _
separated by a distanak are placed in contact with the #=Va/Es=dL/(Vdlo), @
sample as shown in Fig. 1. These point-contacts are depicteghereV, is the sweep voltage, the sample length, anél,
as diodesDg and D because they behave as partially- =V /L is the sweep field, within the approximation of neg-
rectifying contacts. ligible resistance for the end contacts.

When a shorf<1 us) negative voltage puls¥, is applied Information on the diffusion and recombination of the ex-
to the electrodeE, with an amplitude sufficient to forward cess carriers can be obtained by measuring the width at half-
bias the diodd® ¢, a burst of excess electrons is injected intomaximumAt and the are@ of the collected pulse. The ratio
the sample. Immediately, i.e., within a time of the order ofof diffusion coefficientD to mobility can be evaluated
the dielectric relaxation time/o, where € is the dielectric  through the relatiorisee Ref. 2
constant ando the electrical conductivity of the sample 2
(e/lo~10 12s), this excess of negative charge is compen- b_ d& E)
sated by an equal excess of positive charge. uo 16In2\tg) °

@
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Finally, the recombination lifetimeg is related to the area R
A of the collector pulse and to the time of fligty by the
relation (see Ref. 2

A(ty)=constexp—ty/TR). 3
%oupling. Even a reduction of 90% of the available power

Fig. 2. Block diagram of the double pulser.

The setup described above is more or less the original on ) ;
used by Haynes and Shockley and in all later versions ofP€aking at more than tav/cn?) leaves enough light output

their experiment the main differences being in the choice of &t the free end of the fiber. This end of the optical fiber is
the particular devices used to produce the pulsed bias then positioned on top of the sample by means of the same

quired to avoid excessive Joule heating of the sampte simple device used in our old apparatts hold the needles

generate the injecting pulse applied to the emitter, or to dethat act as point contacts.
tect and record the pulse at the collector.

The didactic apparatus we previously usedas quite B. The double pulser
simple, but it offered limited values of the sweep field and of . . .
the amplitude of injection pulse, and therefore it was hardly, ."/S bthha double pulser fo'rhboth electrical and optical
usable with samples of low resistivity and/or short lifetime. |nJechnf. -ﬂ e Improvements with respect to previous design

On the other hand, the injection efficiency through theare_tTeh ollowing. It b hed up to 5m
point-contact electrode may be spoiled by wearing and oxi; ('1)00 Ss.wetﬁp \r’:.) ﬁge may be pus et' qu? Q& the”
dation of the point probémaking the emitter behavior quite 0 . in the high range moflea noticeable advantage

unpredictable. This difficulty may be completely avoided by\évgrﬁgi;g?i;?rlﬂglﬁm'z very long and/or it has a very short re-

producing the excess carrier through the internal photoelec: (ii) The electrical injection pulse can be made very short

tric effect. : ; .
The electronics were therefore redesigned to avoid botfﬁzloo ns, and'lts amplltude very higtup to 30.\./ above the
sample potential in the emitter contact posijioa feature

these difficulties: our new setup includes the optical-injectio X S
mode, described in Sec. I1l, and the comparison between thiat Pecomes important for short recombination lifetimes.
' ! (iii) Problems of instability of the emitter contact may be

two operating modes is made in Sec. IV. avoided by using optical injection, with the further advantage
of a very short (1&t, <200 ns) duration and a large inten-
lIl. EXPERIMENTAL APPARATUS sity, which is nearly proportional to the voltage bias of the
A. Optical injection laser diode. _ o
The block diagram of the double pulser is shown in Fig. 2.
Photons with wavelength below the threshold valie  Block 1 is similar to the double pulser described in our
=hc/E4 can interact with the electrons in the valence bandorevious paper. It provides the timing for the sweeping and,
of the semiconductor sample and generate electron—holgfter an adjustable delay, both the injecting pulse and the
pairs in excess with respect to the equilibrium density.LASER TRIGGER (electric or optical injection is selected
Therefore, we can obtain a suitable excess carrier burst, if wBy toggling the switches S1/$2t is powered by a floating
are able to produce a light pulse of sufficiently high intensitypower supply of 32 V, and includes two current amplifiers:
and small duration, and to focus it within a sufficiently small one for positive and one for negative injection pul&gust-
area of the sample. able from 0 to 30 V for the emitter point contact. The pulse
Sulfficient light intensity and focusing are offered by infra- polarity is selectedtogether with the sweep polarjtypy the
red laser diodéscoupled to 100—-20@m diam optical fibers.  switches S5/S6. The detailed circuitry of block 1 is shown in
The light power emitted by the laser is quite highf the  Fig. 3.
order of 10 W with a peak current of about 10 o that a The sweep pulse is produced by connecting the semicon-
sufficient light intensity can be obtained at one end of theductor sample ends through switches S3(@4ich select
optical fiber simply by placing the other effenclosed in the positive or negative polarijyto a second floating power sup-
standard ferruleon top of the diode case, thus avoiding theply (block 2), ranging from 0 to 50, or from 50 to 100 V,
painstaking alignment required to achieve optimum opticaduring the time of “sweep on,” by means of a power
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Fig. 3. Block 1. Sweep timer and pulse generator.

MOSFET driven by an optocoupléblock 3, Fig. 3. The  an N doped samp)eéhan the sample voltage at the E contact
sweep duration is adjustable from50 us to ~500 us. The  point. To produce a submicrosecond pulse with amplitude as

detailed circuitry of block 2 is shown in Fig. 4. high as 50 V(or 100 V) is not easy, because it does require
S a very high slew rate; therefore we chose to limit the pulse
C. Pulses for electrical injection maximum amplitude within=30 V while adding it to the

In order to make effective the point probe injection, thefraction of the sweep signals selected by the potentiometer
injection pulse signaV, must drive the point probe E at a P (1 k() connected in parallel to the sample. The P wiper
voltage much lowefin the case ba P doped, or higher for potential should be set equal to the sample poteXftiadt the
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Fig. 4. Block 2. Floating power supply.
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d 5. Each MOSFET may be separately enabled or inhibited by
NAND gates and a multiple selector in order to trim the
maximum current. For the C86150 laser diode the maximum
8urrent(about 16 A is obtained using eight MOSFETS in
parallel, but a sufficient performance is achieved even with
onIy two MOSFETSs.
D. Pulse for optical injection The trigger signal for the discharge is obtained from the
' timing block 1 through a shaping circuivlock 6, Fig. 6. In
The laser pulse is produced by fast discharging a bank dhis block the laser trigger inptLaser Trigger in”) is split
capacitors through the laser diode by means of sevepaio  into two signals: the first one is delayed by a constant
eight power MOSFETSs connected in parallelock 5, Fig. amount by two 7414 inverters, the second one is delayed by

contact point E[e.g.,Vp=(%)VS when the emitter is place
on the midplane of the sampleThis feature also makes the
measurements simpler because, with constqramplitude,
the emitter efficiency becomes roughly independent on th
sweep field value.
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Fig. 6. Block 6. Laser trigger pulse shaper.
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Fig. 7. Light output of the optical fiber versus laser bias voltage. . . .
9 g P P 9 Fig. 9. Waveform observed in a P-doped Ge sample 15() cm) with

optical injection.

an adjustable amount by a RC filter and a single inverter.
Both are fed to a 74132 NAND gate that produces an outpu
pulse (“Laser trigger out”) suitagle to trig%er the laser di-p IR/ MEASUREMENTS OF THE MOBILITY AND OF
ode, and whose duration can be adjusted from 10 to 200 nd HE DIFFUSION COEFFICIENT
Another circuit(in block 6) produces an optoisolated TTL
pulse whose front edge is synchronous with the laser currem. Measurements with P-doped Ge samples
pulse, to be used as an oscilloscope trigger. ) , ) )
The laser output power may be adjusted by changing Figure 9 presents one waveform obtalned,_usmg_ optical
the range 4—32 Yithe voltageV, across the condenser bank. Niection, with a P-doped Ge sample whose dimensions are
We monitored the light intensity at the fiber output using a3-60% 0.3 0.3 cnt, and resistivity about 18 cm. The mea-
fast photodiodéMotorola MRD 500 with zero bias voltage ~Surement was taken with a sweep poterig=40V, and a
and a current to V0|tage Convert@ee the insert in F|g)7 distance between the CO”eC“ng pOI.nt and the 0pt|Ca| fiber
The amplitude of th&/,, signal(which is proportional to the €nd d=(7.1+0.1) mm (measured with a small telescope
light output intensityl), read on the oscilloscope screen, is mounted on a micrometric scrgwThe laser voltage was
presented in Fig. 7 as a function of the voltage. The V.=8.8V and the sample temperature 28.6 °C.
shape of the (V,) curve is well fitted by a second-order _ Thg excess carrier |n]e(_:t|on slightly qulf]es the sweep
polynomial and it is practically zero fov, =6 V (threshold field in the samp[e, and this affects the drlft_tlmﬁand the
voltage. half-maximum widthAt. To account for this effect, one
must extrapolate the measurgdand At values to zero ex-
cess carriers injection. Figure 10 reports some measurements
of to and At taken while gradually reducing the laser diode
In order to subtract the fraction of the sweep sigWigl  bias voltageV, from 30 to 7 V (i.e., close to zero light
seen by the collector from the collector sigival, we pass it  injection.
through the differential amplifier shown in Fig. 8, where we The extrapolated valugg=(17.2=0.1) us andAt=(3.4
use a differential gain of, to allow V. signal amplitudes as *=0.1)us vyield, for the drift mobility, w=(3715
high as +45 V° without driving the operational amplifier *74)cnfV s and for the ratio of diffusion coefficient to
inputs beyond the-15 V range of the power supply. mobility the valueD/ = (0.027=0.002) V. The error intro-
The output signaV/,, of the differential amplifier is finally
displayed on the screen of a digital oscilloscdpey., Tek-
tronix TDS 220 and recorded on a PC through an interface 25

E. The collector signal detection

card.
20
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Fig. 10. Drift timety, and pulse width at half-maximumt versus laser
Fig. 8. The differential amplifier. diode voltageV, .
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Fig. 12. Waveform observed in an N-doped Ge sample 1 Q) cm) with
Fig. 11. Waveform observed in a P-doped Ge sampte 150 cm) with optical injection.
electrical injection.

duced by the sweep field modification due to the injected™ 2KT(U7r+3)/(€Vsd/L), wherek is the Boltzmann constant,
carriers becomes negligible with moderate light injectionT the absolute temperature, amd the recombination life-
(sayV, <10V). time. In our case th& parameter was estimated %s 0.03,
One should introduce a further small correction because assuming for the recombination lifetimeg=20us, so that
fraction of the applied potentidbweep signaldrops across qo,=(1577+96) cnfV 1s™1
the contact resistances. For the present sample, the contactin low resistivity samples, the Joule heating becomes im-
resistances are only 2% of the sample resistance, so that thertant: during the measurement shown in Fig. 12, the
effective Vg value is 39.2 V and the calculated mobility be- sample temperature was quite high.5 °C, as measured by
comes u=(3791*+75)cnfV-ts ! and D/u=(0.0265 a thermocouple
+0.002) V, to be compared with the known valugg T For Ge with a resistivity of 10 cm one expects a hole
=300K): £=3900cmV 1standD/u=kT/e=0.026V.  mobility u,~1700cnfV st with a temperature depen-
Similar results may also be obtained using electrical injecdence: u=uo(T/To) >3 (see Ref. § Therefore at a tem-
tion. With the same sample and a moderate level of injectioperature of the order of 315 K, the predicted values jare
(amplitude~10V, width=0.3 us) we obtained the waveform =1520cnfV 's ! andD/u=kT/e=0.0272V.
of Fig. 11. The same sample was measured also with electric injec-
In this measurement the distance between emitter and cofion (Fig. 13. The conditions of the measurement wete
lector was d=(6.05-0.10) mm, the sweep voltag¥/s =2.72mm, L=40.0mm, V=38V, injecting pulse:

=40V, and the sample temperature 26 °C. amplitude=6 V, width~0.3us, temperature40°C. The
‘The measured time of flight ip=(14.3=0.1) us and the  measured valuest,=17.5us and At=5.6us yield u
width at half-maximum isAt=(3.0£0.1) us, yielding u =(1636+100) cnfV*s™? and D/w=(0.025-0.002) V.

=(3808+85) cnfV's™' and D/u=(0.0267-0.002) V.  Applying the McKelvey correctiorix~0.03, with 7==20 us),

Correcting for the contact resistancesu=(3885 one getsu=(1588+97) cnfV s L. The expected value is
+87) cnfV st andD/u=(0.0262+0.002) V. pw=1542cndV-1s L,

B. Measurements on heavily doped Ge N samplép
=1Q.cm)

Due to the small resistivity, it was necessary to cut the
sample as a long and thin bar (X%.5<40 mm) to achieve 10 L " |
a resistance of some hundred ohms. The sample was care .
fully polished with diamond and alumina powders and then .
etched in CP¥ for several minutes in order to have a suffi- _. 5 [ . N n
ciently long recombination lifetime. E ——

The waveform obtained with a sweep voltage=38V, o

0 b . . -
L=40mm, a distance=(2.30+0.05) mm, and/, =10V,  ~ : o/ N\a— &
is shown in Fig. 12: heréy=(14.9+0.1) us andAt=(5.7 .5 “ . N

15 T T T T

]
+0.2) us yielding u=(1625+100) cnfV 's™! and D/u ool
=(0.029+0.002) V. A , , ,
This value should be corrected for the effects of diffusion 10 0 10 ) 30 40 50

S . 0
and recombination(the so-called McKelvey correctidh t (us)
that are not negligible due to the small recombination life-

time of this thin S?mple- According to MCKG"Vey:_ the cor- Fig. 13. waveform observed in an N-doped Ge sample {  cm) with
rected mobility IS weor=p[sqrt(1+x?)—x], with X  electrical injection.
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Fig. 14. Waveform observedhia P @ped Si wafer p=20 cm) with

optical injection. One measurement obtained with the same sample and
electrical injection is shown in Fig. 1%Vs=38.2V, d
=1.95mm, L=1.3cm, injecting pulse: amplitugel3V,

C. Measurements with Si samples width 0.3 us). Herety=5.7us andAt/2=0.70us, yielding

— 11 —
Despite the small thicknedsvhich strongly reduces the p=1164cntVts ™ andD/p=0.031V.

recombination lifetimg we were also able to measure drift
mobility on Si P samples obtained by cutting a strip from ay. RECOMBINATION LIFETIME MEASUREMENTS
300 um thick wafer and glueing the end contacts onto
vacuum deposited Al pads with conductive epoxy. The recombination lifetimerg is required to correct the

A record of one waveform, taken with optical injection measured mobility for the effects of diffusion and recombi-
on an Si wafer with 2@) cm resistivity, is shown in Fig. 14 nation. This correction is of the order of a few percent for the
(Vs=38.2V, d=1.75mm, L=1.3cm, V,=17.7V). The cases reported in this paper, but it can be more important
measured valuest,=5.24us, At/2=0.70us yield x  When the sweep field and/or the drift distandeare very

—1137cn?V ts L andD/x=0.033 V. small.

Note the long exponential tail of the collector waveform, ~With the Haynes—Shockley apparatus, one can meagure
probably due to excess carriers recombining through “slowPy €valuating the time decay of the excess carriers charge
traps.” As a consequence, the width at half-maximum is herdl(t), while keeping constant the injected chag®). The
measured as twice the time interval between the halfvalue ofq(t) is proportional to the area A of the collected
maximum value in the falling edge and the minimum of thepulse, so that measuring A on different waveforms recorded
waveform. at different times of flight allows us to trace the pk(t),

The contact resistances of these Si samples can be as higlovided thatq(0) is kept constant and that the collector
as 30% of the total resistance so that, in compugingnd  efficiency is not changed.

D/u, the effectiveVs value should be reduced by the same The last condition is satisfied only if we keep fixed the
amount with respect to the applied voltage of 38.2 V. Thiscollector point probe and if the sweep field is constéhe
correction increasey ~30%) the mobility estimatiofex-  reverse bias of the point contact can be affected by the sweep
pected value=1400 cnfV 1s™!) and reduces by the same field).

amount theD/u value (expected value 0.026)V Therefore, to change the time of flight of the excess car-
riers, we can only change the position of the emitter. With
electrical injection, this does not give a constaif0) be-
cause the injecting efficiency of the point probe emitter is not

15 "7 r 7T T T [ T -
r . ] reproducible.
C i ] With optical injection, by changing the position of the
10 ¢ . ] optical fiber we still introduce some random modulation in
L ; . 3 g(0) because the surface conditions, and consequently the
s 5t i : . number of photons injected into the sample, may vary along
£ - 1 : . the sample, but no systematic changes, related to the time of
2 ot 3,’ : h flight value, are produced.
: Li : . One measurement obtained with optical injection in Ge P
r ] ; ] (p~16.50 cm) is shown in Fig. 16. The data were taken
5 i : ] with L=3.6cm, VvV, =17.9V andVgs=24V. The estimated
i Co ] lifetime is 7= (45=2) us.
_10'....1...'.l....l....l....'
0 5 s 20 2% VI. CONCLUSIONS
Fig. 15. Waveform observechia P @ped Si wafer =200 cm) with The Haynes—Shockley experiment is a very instructive
electrical injection. tool for students, both at the university and college level, to
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investigate the electrical transport properties in semiconduc Here we describe the case of a p-doped sample, where minority carriers
tors, if a suitable apparatus is made available. are elect_rons: the case of an n-doped sample can be'derived by simply
We presented here a flexible setup that may be assemble@éﬁggzgmg the role of electrons and holes and the sign of the applied
at a modest cost, and that allows t_he St,UdemS to O_btam a‘C"Thevs, or sweep voltageis applied for a time of some hundred micro-
curate measurements W|th9Ut special skills nor semiconducC-seconds and shut off for a time an order of magnitude longer, to prevent
tor samples of special doping. sample overheating.
Several copies of the apparatus described here were suéshyh WangFundamentals of Semiconductors Theory and Devices Phys-
cessfully used in undergraduate physics courses at Padoveas (Prentice—Hall, Englewood Cliffs, NJ, 198%. 296. _
University, and during training courses for high school phys- H. B. Prince, “Drift mobilities |r1 sgmlcon(_igptor;: I germanlum," Phys.
ics teachers. The Gerber file providing the PCB layout of the :ﬁg’ogz igzlggsi(zl&si’zgg‘igg'ﬂ mobilities in semiconductors: Il
who_le circuitry may be requested from the aufchors by elec-75¢ p’oim p;obé we use small em'broidery needMitward n. 12.
tSronlc @ dmall:' it Torzo@padova.infm,it or 8we use the model C86150E of the EG&G, emitting dat 905 nm,
conza@padova.inim.l cost~50 US$, recently replaced by PGS1S09, sakd0 $.
9This occurs when the sweep voltage is larger than 30 V and/or the collec-
1J. R. Haynes and W. Shockley, “The mobility and life of injected holes tor is positioned far from the grounded end of the sample.
and electrons in germanium,” Phys. Re81, 835-843(1952); 75, 691 10CP4 is a mixture of 60% nitric acid, 30% acetic acid, and 10% hydrofluo-

(1949. ric acid.
2A. Sconza and G. Torzo, “A simple and instructive version of the 1J. P. McKelvey, "Diffusion effects in drift mobility measurements in
Haynes—Shockley experiment,” Eur. J. Ph§s34-40(1987). semiconductors,” J. Appl. Phy27, 341-343(1956); also see Ref. 2.

START WITH AN EXAMPLE

If you are going to explain to an average class how to find the distance from a point to a plane,
you should first find the distance frof2, —3, 1) to x—2y—4z+7=0. After that, the general
procedure will be almost obvious. Textbooks used to be written that way. It is a good ggneral
principle that, if you have made your presentation twice as concrete as you think you should, you
have made it at most half as concrete as you ought to.

Remember thayou have been associating with mathematicians for years and years. By this
time you probably not only think like a mathematician but imagine that everybody thinks like a
mathematician. Any nonmathematician can tell you differently.

Ralph P. Boas, Jr., “Can We Make Mathematics Intelligible?,’Lion Hunting & Other Mathematical Pursuitedited by
Gerald L. Alexanderson and Dale H. Mugl@athematical Association of America, Washington, 1995 231.
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