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THEORY AND CHARACTERISTICS OF PHOTOTRAMSISTORS

INTRCDUCTION

Phototransistor operation is based on the sensitivity of
a pn junction to radiant energy. If radiant energy of prop-
er wave-length is made to impinge on a junction, the cur-
rent through that junction willincrease. Thisoptoeiectronic
phenomenon has provided the circuit designer with a device
for use in a wide variety of applications. However, to
make optimum use of the phototransistor, the designer
should have a sound grasp of its operating principles and
characteristics.

IHSTORY

The first significant relationships between radiation and
electricity were noted by Gustav Hertz in 1887. Hertz ob-
served that under the influence of light. certain surfaces
were found to liberate electrons. This photo-emissive
effect was put into theory by Max Planck in 1200. He
proposed that light of a frequency f contained energy
bundles or packets, which he called phetons. Further-
more, the energy content of each photon was directly
proporiional to the light frequency:

E =hf, Q)
where E is the photon energy,
h is Planck’s constant, and
f is the light frequency.

Planck thecrized that a metal had associated with it a
woerk function, or binding energy for free electrons. If a
photon could transfer its energy to a free electron, and
that energy exceeded the work function, the electron could
be liberated from the surface. The presence of an electric
field could enbance this by effectively reducing the work
function. Einstein extended Planck’s findings by showing
that the velocity, and hence the momentum of an emitted
electron, depended on the work function and the light
frequency.

PHOTO EFFECT IN SEMICONDUCTORS

Bulk Crystal

If light of proper waveiength impinges on a serniconduc-
tor crystal, the concentration of charge carriers is found
to increase. Thus, the crystal conductivity will increase:

0= q (e n+ h p). ¥)]
where ¢ is the conductivity,
g is the eleciron chaige,
ite is the electron mobility,
¢ is the hole mobility,
i is the electron concentration, and
p is the hole concentration.

The process by which charge-carrier concentration is
increased is shown in Figure 1. The band structure of the
semicenductor is shown, with an energy gap, or forbidden
region, of Eg electron voits. Radiation from two light
sources is shown striking the crystal. Light frequency fi
is sufficiently high that its photon energy, hfy, is slightly
greater than the energy gap. This energy is transferred to
a bound elcctron at site one ia the valence band, and the
electron is excited to a higher energy level, site one in the
conduction band, where it is free to serve as a current
carrier. The hole left behind at site one in the valence band
is also free to serve as a current carrier.

The photon energy of the lower-frequency light, hf),
is less than the band gap, and an electron freed from site
two in the valence band will rise to a level in the forbidden
region, only to release this energy and fail back into the
valence band and recombine with a hole at site three.

The above discussion implies that the energy gap, Eg,
represents a threshold of resposnise to light. This is true,
however, it is not ar abrupt threshold. Throughout the
photo-excitation process, the law of conservation of mo-
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FIGURE 1 ~ Photnefiact in a Semiconductor

mentum applies. The momenturn and density of hole-
electron sites are highest at the center of both the valence
and conduction bands, and fall to zero at the upper and
lower ends of the bands. Therefore, the probability of an
excited valence-band electson finding 2 site of like mo-
mentum in the conduction band is greatest at the center
of the bands and lowest at the ends of the bands. Conse-
quently, the response of the crystal to the impinging light
is found to rise from zero at a photon energy of Eg electron
volts, to a peak at some greater energy level, and then to
fail to zero again at an energy corresponding to the giffer-
ence between the bottom of the valence band and the top
of the conduction band.

The response is a function of energy, and therefore of
frequency, and is often given as a function of reciprocal
frequency, or, more precisely, of wave length. Anexample
is shown in Figure 2 for a crystal of cadsmium-selenide. On
the basis of the infermation given so far, it would seem
reasonable to expect symmetry in such a curve; however,
trapping centers and other absorption phenomena affect
the shape of the curvel.

The optical response of a bulk semiconductor can be
modified by the addition of impurities. Addition of an
acceptor impurity, which wiil cause the bulk maierial to
become p-type in nature, results in impurity levels which
lie somewhat above the top of the valence band. Photo-
excitation can occur from these impurity levels to the con-
duction band. generally resulting in a shifting and reshaping
of the spectral response curve. A similar modification of
response can be attributed to the donor impurity levels in
n-type material.

PN Junctions

If a pn junction is 2xposed to light of proper frequency,
the current flow across the junction will tend to increase.
If the junction is forward-biased, the net increase will be
relatively insignificant. However, if the junction is reverse-
biased, the change will be quite appreciable. Figure 3 shows
the photo effect in the junction for a frequency well within
the response curve for the device.

1. See references for a detailed discussion of these.

Photons create hole-electron pairs in the crystal on both
sides of the junction. The transferred energy promotes
the electrons into the conduction band, leaving the holes
in the valence band. The applied external bias provides an
electric fieid, £, a5 shown in the figure. Thus the photo-
induced electrons in the p-side conduction band wiil flow
down the potential hill at the junction into the n-side and
from there to the external circuit. Likewise, holes in the
valence band of the n-side will flow across the junction
into the p-side where they will add to the external current.
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Under dark conditions, the current flow through the
reverse-biased diode is the reverse saturation current, ip.
This current is relatively independent of the zpplied voit-
age (below breakdown) and is basically a result of the
thermal generation of hole-eiection pairs,

When the junction is illuminated, the energy tians-
ferred from photons creates additional hole-electron pairs.
The number of hole-electron pairs cieated is a function of
the light intensity.

For exampie, incident monochromatic radiation of H
(watts/cm?2) will provide P photons to the diode:

AH
P= }Te ’ (3)

where X is the wavelength of incident light,
hiis Planck’s constant, and
c is the velocity of light.

The increase in mincrity carrier density in the diode
will depend on P, the conservation of momentumn restric-
tion, and the reflectance and transmittance properties of
the crystal. Therefore, the photo current, I, is given by

I\=nFgqA4, 4)

where 7 is the quantum efficiency or ratio of current car-
riers to incident photons,

F is the fraction of incident photons trans-
mitted by the crystal,

q is the charge of an electron, and
A is the diode active area.

Thus, under iliuminated coaditions, the total current
flow is

I=1o+1) 5)

If Iy is sufficiently large, I can be neglected, and by
using the spectral response characteristics and peak spectsal
sensitivity of the diode, the total current is given approxi-
mately by

I=§ SgH, (6}

where 8 is the relative resporse and a function of radiant
wavelength,

SR is the peak spectral sensitivity, and
H is the incident radiation.

The spectral response for a silicon photo-diode is given
in Figure 4.

Using the above relations, an approximate model of the
diode is given in Figure 5. Here, the photo and thermally
generated currents are shown as parallel current sources.
C represents the capacitance of the reverse-biased junction
while G represents the equivalent shunt conductance of
the diode and is generally quite small. This model applies
only for reverse bias, which, as mentioned above, is the
normal mode of operation.
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Fhaoto Transistor

If the pn junction discussed above is made the collector-
base diode of a bipolar transistor, the photo-induced cur-
rent is the transistor base current. The current gain of the
transistor will thus result in a collector-emitter curreni of

Ic={hfe + D1, )
where I is the collector current,

hfg is the forward current gzin, and
Iy is the photo induced base current.

The base termina! can be left floating, or can be biased up
to a desired quiescent level. In either case, the collector-
base junction is reverse biased and the diode current is the
reverse leakage current. Thus, photo-stimulation will re-
sult in a significant increase in diode, or base current, and
with current gain will resuit in a significant increase in
collector current.

The energy-band diagram for the photo transistor is
shown in Figure 6. The photo-induced hase current is
returned to the collector through the emitter and the ex-
ternal circuitry. 1n so doing, electrons are supplied to the
base region by the emitter where they are pulled into the
collector by the electric field £.
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The model of the photo diode in Figure 5 might also be
applied to the phototransistor, however, this would be se-
verely limited in conveying the true characteristics of the
transistor. A more useful and accurate model can be ob-
tained by using the hybrid-pi mode! of the transistor and
adding the photo-current generator between collector und
base. This model appears in Figure 7.

Assuming a temperature of 259, and a radiation source
at the wave length of peak response (ie., 8 = 1}, the follow-
ing relations apply:

A= SRCBO -H, (8a)
gm = 401, and (8b)
the = hfz/gm, (8¢}

where SRCBO is the collector-base diode radiation sensitiv-
ity with open emitter,

gm is the forward transconductance,

ic is the collector current, and

I'pe is the effective base-emitter
resistance.
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FIGURE 7 ~ Hybrid-pi Model of Phototransistor

In most cases 'y << rpe, and can be neglected. The
open-base operation is represented in Figure 8. Using this
model, a feel for the high-frequency response of the device
may he obtained by using the relationship

&m
ft ~ ———
™ 5CaE’ &)

where fy is the device current-gain-bandwidth product.
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FIGURE 8 — Floating Base Approximate Model of Phototransistor

STATIC ELECTRICAL CHARACTERISTICS
OF PHOTOTRANSISTORS

Spectral Response

As mentioned previously, the spectral response curve
provides an indication of a device’s ability to respond to
radiation of different wave lengths. Figure 9 shows the
spectral response for constant energy radiation for the
Motorola MRD300 phototransistor series. As the figure
indicates, peak response is obtained at about 8000
{Angstroms), or 0.8 um.
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FIGURE 9 — Constant Energy Spectral Response for MRD300
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Lambert’s law of illumination states that the ilumina- 5 &0 —
tion of a surface is proportional to the cosine of the angle 2
between the normal to the surface and the direction of Q &0
the radiation. Thus, the angular aligoment of a photo- Q
transistor and radiation source is quite significant. The W a0
cosine proportionately represents an ideal angular response. '-’_-'
The presence of an optical lens and the limit of window < 20
size further affect the response. This information is besi 4
conveyed by a polar plot of the device response. Such a o
plot in Figure 10 gives the polar response for the MRD300 2600 2500 2700 2850 2900
series. SOURCE COLOR TEMPERATURE (%K}
FIGURE 12 - Relative Response of MRD300
versus Color Temperature
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= collector-base diode quantum efficiency and also of the dc
Z 300 . . .
o current gain of the transistcr. Therefore, the overall sensi-
200 tivity is a function of coliector current. Figure 11 shows
© the collector current dependence of dc current gain.
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FIGURE 11 — DE Currant Guin varsus Collactor Current

broad band source of radiation, such as an incandescent
lamp. The response of the photo transistor is therefore
dependent on the source calor temperature. Incandescent




sources are normally operated at a color temperature of
2870°K, but, lower<coloi-temperature operation is not
uncommon. It therefore becomes desirabls to know the
result of a color tempezature difference on the photo sensi-
tivity. Figure 12 shows the relative response of ihe MRD300
series a5 a function of color temperature.

Temperature Coeificient of Ip

A number of applications call for the use of photo-
transistors in temperature environments other than normal
room temperature. The variation in photo cusrent with
temperature changes is approximately linear with a positive
slope of about 0.667%/°C.

The magnitude of this temperature coefticient is prima-
rily a result of the increase in hFg versus temperature,
since the collector-base photo current temperature cosffi-
cient is only about 0.1%/°C.
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FIGURE 13 - Colisttor Characteristics for MRD300

Collector Characteristics

Since the collector current js primarily a function of
impinging radiation, the effect of collectoremitter volt-
age, below breakdown, is small. Therefore, a plot of the
Ic—VCE characteristics withimpinging radiationas a param-
eter, are very similar to the same characteristics with Ig as
a parameter. The collector family for the MRID300 sesies
appears in Figure 13,

Radiation Sensitivity

The capability of a given phototransistor to serve in a
given application is quite often dependent on the radiation
sensitivity of the device. The opeun-base radiation sensitiv-
ity for the MRD300 series is given in Figure 14. This indi-
cates that the sensitivity is approximately linear with respect
to impinging radiation. The additional capability of the
MRD300 to be pre-biased gives rise to interest in the sensi-
tivity as a function of equivalent base resistance. Figure
15 gives this relationship.
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Capuacitance

Junction capacitance is the significant paramecter in
determining the high frequency capability and switching
speed of a transistor. The junction capacitances of the
MRD300 as a function of junction voltages are given in
Figure 16.

DYNAMIC CHARACTERISTICS
OF PHOTOTRANSISTORS
Linearity
The variation of hpg with respect to coliector current
results in a non-linear response of the photo transistor over
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large signal swings. However, the small-signal response is
approximately linear. The use of a load line on the col-
lector characteristic of Figure 13 will indicate the degree
of linearity to be expected for a specific range of optical
drive.

Frequency Response

The phototransistor frequency response, as referred to
in the discussion of Figures 7 and 8, is presented in Figure
17. The device response is flat down to dc with the rolioff
frequency dependent on the load impedance as well as on
the device. The response is given in Figure 17 as the 3-dB
frequency as a function of load impedance for two vaiues
of collector current.

100

d [ A O I Y g 4 T 4 L 3l
) [ U0 1 R VR W o O § 1 +
- T 11
N 2 [R5 SONS T 9% i 4t A - 4
i 50 2 to o= 250 uA -
O =R T
0 jo = 100 gA DD ;
z 20 A < j
g t
i i
g 10 41 4 \? : :
u e 1 »4;4’-’_ +4 1.«- \ L
o 5.0 —tb b4t e 1
v
™
2 i
2
- 2D
I
1.0 i ™
.1 0.2 .5 %90 20 50 10 20 50 100

Ry, LOAD RESISTANCE (k§2)

FIGURE 17— 3 48 Frequency versus Load B asistance for MRD3I00

101~ T
N
g 8.0
m
5 N
9 &8.0
w
w L4
@ 40 N I = 500 pA LpH
g NM -
w NW\N\ e
¥ 20 -
N
- 10 uA i
0 INEN
0.1 1.0 10 100

Rg, SOURCE RESISTANCE (k§2)

FIGURE 18 — MRD300 Noise Figure versus Scurce Resistence
Noise Figure

Although the usual operation of the phototransistor is
in the floating base mode, a good qualitative feel for the
device’s noise characteristic can be obtained by measuring

roise figure under standard conditions. The 1 kHz noise
figure for the MRD309 is shown in Figure i8.

Smail Signai h Parameters

As with noise figure, the small-signal h-parameters, meas-
ured under standard conditions, give a qualitative feel for

the device behavior. These are given as functions of col-
lector current in Figure 19. With this information, the de-
vice can be analyzed in the standard hybrid model of Figure
20(a); by use of the conversions of Table I, the equivalent
r-parameter model of Figure 20(b) can be used.

TABLE { — Perameter Conversions

hfe
he, =
o I+ nfe

hfe + 1
r=
©" hoe
o e
e g

hre (1 + hfe)

LR

SWITCHING CHARACTERISTICS
OF PHOTOTRANSISTORS

In switching applications, two important requirements
of a transistor are:
(1) speed
{2) ON voltage
Since some optical drives for phototransistors can pro-
vide fast light pulses, the same two considerations apply.

Switching Speed

if reference is made 1o the mode! of Figure 8, it can be
seen that a fast rise in the current Iy will not result in an
equivalent instantaneous increase in collector-emitter cur-
rent. The initial flow of 1) must supply charging current
to Ccp and Cpp. Once these capacitances have been
charged, I will flow through rpe. Then the current gene-
rator, gm - Vhe, Will begin to supply current. During turn-
off, a similar situation occurs. Although I} may instan-
taneously drop to zero, the discharge of Ccp and CpE
through rpe will maintain a current flow through the col-
lectos. When the capacitances have been discharged, Ve
will fall to zero aud the current, gm - Ve, will likewise
drop to zero. (This discussion assumes negligible leakage
currents). These capacitances therefore result in turn-on
and turn-off delays, and in rise and fall times for switching
applications just as found.in conventjonal bipolar switch-
ing transistors. And, just as with conventional switching,
the times are a function of drive. Figure 21 shows.the col-
lector current (o5 drive) dependence of the turn-on delay
and rise times. Asindicated the delay time is dependent on
the device only; whereas the rise-time is dependent on both
the device and the load.

If a high-intensity source, such as 2 xenon flash lamp,
is used for the optical drive, the device becoires optically
saturated unless large opticai attenuation is placed between
source and detector. This can result in a significant storage
time during the turn off, especially in the floating-base
mode since stored charge has no direct puth out of the
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{b) r-Paraineter Model

FIGURE 20 — Low Frequency Ansivticel Modsls of Photctransistor
Without Phaio Cuorrent Generstor

base region. However, if a non-saturating source, such as
a GaAs diode, is used for switching drive, the storage, or
turn-off delay time is quite low as shown in Figure-22.

Saturation Voltage

An ideal switch has zero ON impedance, or an ON volt-
age drop ofzero. The ON saturation voltage of the MRD300
is relatively low. approximately 0.2 voits. For a given col-
lector current, the ON voltage is a function of drive, and is
shown in Figure 23.

APPLICATIONS OF PHOTOTRANSISTORS

As mentioned previously, the phototransistor can be
used in a wide variety of applications. Figure 24 shows
two phototransistors in a series-shunt chopper circuit. As
Q; is switched ON, Q) is OFF, and when Q] is switched
OFF, Q2 is driven ON.

Logic circuitry featuring the high input/output electrical
isolation of photo transistors is shown in Figure 25.

Figure 26 shows a linear application of the phototran-
sistor. As mentioned previously, the linearity is obtained
for small-sigral swings.
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A double-pole, single-throw relay is shown in Figuie 27.

in general, the phototransistor can be used in counting
circuitry, leve! indications, alarm circuits, tachometers, and
various process controls.

Cenclusion

The phototransisior is a light-sensitive active device of
moderately high sensitivity and relatively high speed. lts
response is both a function of light intensity and wave-
length, and behaves basically like a standard bipolar tran-
sistor with an externally controlled collector-base leakage
cureent.
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APPENDIX 1

Radiant energy covers a broad band of the electromag-
netic spectrum. A relatively small segment of the band is
the spectrum of visible light. A portion of the ciectromag-
netic spectrum including the range of visible light is shown
in Figure I-1.

The portion of radiant flux, or radiant energy emitted
per unit time, which is visible is referred to as luminous
flux. This distinction is due to the inability of ihe eye to
respond equally to like power levels of different visible
wavelengths. For example, if two light sources, one green
and one blue are both emitting like wattage, the eye will
perceive the green light as being much brighter than the
blue. Consequently, when speaking of visible light of vary-
ing color, the watt becomes a poor measure of brightness.
A more meaningful unit is the lumen. In order to obtain
a clear understanding of the lumen, two other definitions
are required.

The first of these is the standard source {Fig. 1-2). The
standard source, adopted by international agreement, con-
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sists of a segment of fused thoria immersed in a chamber
of platinum. When the platinum is at its melting point,
the light emitted from the chamber approximates the radia-
tion of a black body. The luminous flux emitted by the
scurce is dependent on the aperture and cone of radiation.
The cone of radiation is measured in terms of the solid
angle.

The concept of 2 solid angle comes from spherical ge-
ometry. If a point is enclosed by a spherical surface and a
set of radial lines define an area on the surface, the radial
lines also subtend a solid angle. This angle, w, is shown in
Figure I-3, and is defined as

A
W=, I-1
= 1)
where A is the described area and ¢ is the spherical radius.
If the area A is equai to r2, then the solid angle sub-
tended is one unit solid angle or one steradian, which is
nothing more than the thrze-dimensional equivalent of a
radian.
With the standard source and unit solid angle estab-
lished, the lumen can be defined.
A lamen is the luminous flux emitted from a standard
source and included within one steradian.
Using the concept of the lumen, it is now possible to
define other terms of illumination.

Hluminance

If a differential amount of luminous flux, dF, is imiping-
ing on 2 differential area, dA, the illuminance, E, is given
by

4F
E=—. I-2
dA (-2)
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FIGURE 1-1 - Portion of Electromagnatic Spasctium

Iluminance is most often expressed in lumens per square
foot, or foot-candles. if the illuminance is constant over
the area, (I-2) becomes

E=F/A. d-3)

Luminous Intensity
When the differential flux, dF, is emitted through a dif-
ferential solid angle, dew, the luminous intensity, I, is given
by
dF
I= in" (1-4)
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Luminous intensity is most often expressed in lumens
per steradizn or candeln, If the luminous inteasivy is con-
stant with respect to the angle of emission, (I-4) becomes:

I= 5 (-5

If the wavelength of visible radiation is varied, but the
fluraination is held constant, the radirtive power in watts
will be found to vary. This again illustrates the poor quality
of the watt as a measure of illumination. A refation between
llumination and radiative power must then be specified at
a particular frequency. The point of specification has bezn
taken to be at a wavelength of 0.555 um, which is the peak
of spectral response of the human eye. At this wavelergth,
1 watt of radiative power is equivalent to 680 lumens.

APPENDIX T
OPTGELECTRONIC DEFINITIONS

F, Luminous Flux: Radiant flux of wavelength within
the band of visibie light.

Lumen: The luminous flux emitted from a standard
source and inchided within one steradian (sulid angle
equivalent of a radian).

H, Radiation Flux Density (Irradiance): The total inci-
dent radiation energy measured in powsr per unit
area (e.g., mW/cmz).

E, Luminous Flux Density (llluminance): Radiation
flux density of wavelength within the band of visible

" light. Measured in lumens/ft2 or foot candles. At
the wavelength of peak response of the human eye.
0.555 um (0.555 X 10-6m).’1 watt of radiative power
is equivalent to 680 lumens.

Sr, Radiation Sensitivity: The ratio of photo-induced
current to incident radiunt energy, the latter meas-
ured at the plane of the lens of the photo device.

S1, Hlumination Seansitivity: The raiio of photo-induced

current to incident luminous energy, the latter meas-
ured at the plane of the lens of the photo device.

FIGURE 13 ~ Solid Angle, w

Spectral Response: Sensitivity as # fenction of wave-
length of incidient enesgy. Usually normalized to
peak sensitivity.

Constants

ianck’s constant: h = 4.13 X 10715 evas.
electron chargs: g=1.60X 10-19 coulomd.
velocity of light: ¢=3X 108 m/s.

fftumination Cenversion Factors

Multiply By To Obtain
lumens/ft2 1 ft. candles
Iumens/ftz* 1.58X 1073 m¥W/em?
candlepower 4n lumens

*At0.555 um.
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