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PHOTOCURRENT AMPLIFICATION EFFECT
OF THE FET GATE p-n JUNCTION

D. M. Edgorova UDC 621.315.592

A superlinear increase in the light current of the gate with an increase in the exciting integral light intensity
(from 100 to 1000 Ix) has been revealed experimentally. This superlinear increase is due to the increase in
the internal gradient field generated by the minority carriers by the cutoff voltage of the gate leading to an
additional interband generation of photocarriers. On the basis of the investigation of the dependence of pho-
tocurrent on the cutoff voltage it has been shown that the photocurrent increases linearly, which is explained
by the creation of an internal electric field by the majority carriers of the base zone of the gate p—n junction.
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Introduction. The field-effect phototransistor with a control p—n junction and an open channel is an ideal
model structure for investigating photoelectrical phenomena in p-n-homo- and heterojunctions at appropriate switching
conditions, since the light striking the base zone of the FET (Fig. la) generates electrons and holes separated by the
p-n junction field, as in the photodiode. The FET photosensitivity is estimated by some authors [1] as the product of
the current sensitivity of the gate §; = P/ by the characteristic amplification coefficient of the transistor gRg.
Other authors [2, 3], basing on investigations of the dependences of gate and source photocurrents on the illumination
intensity of FETs whose channel is doped with Te and simultaneously with Te and Si, came to the conclusion that in
both FETs with increasing illumination intensity the ratio of the source photocurrent to the incident radiation intensity
decreases by 20% from 30 to 24 UA/Ix. In so doing, the dependences of photocurrents on the illumination intensity
had a saturating character due to the decrease in the amplification coefficient of the transistor structures estimated as
the triode-to-diode photosensitivity ratio (Fig. 1b). In the first transistor, the carrier density increases from the p-n
junction boundary to the illuminated surface, and in the second transistor a uniform thickness distribution of the carrier
density due to the increase in the degree of compensation of tellurium dopants by silicon has been obtained. As a re-
sult, the photosensitivity of the gate p—n junction of the FET with a tellurium-doped base zone turned out to be higher
(3.1-10_4 HA/Ix) than in the transistor whose base zone was doped simultaneously with Te and Si (2-10_4 HA/Ix), and
the photoelectric amplification coefficients defined as the triode-to-diode photosensitivity ratio turned out to be equal
to 24 and 10, respectively. Consequently, to a higher diode photosensitivity there corresponds a higher transistor pho-
tosensitivity. Moreover, the considered structures turned out to be characterized by a decrease in the photosensitivity of
the gate p—n junction with increasing optical signal intensity, which is due to the concentration of the carrier separa-
tion zone in a narrow space charge depletion layer. As a result, the gate photocurrent has also a maximum at a fixed
cutoff voltage and its further increase leads to a subsequent decrease in the photosensitivity [4, 5]. This means that in
this case the photocurrent amplification effect is absent and the photosignal amplification is associated with the tran-
sistor amplification coefficient which varies as the photosensitivity of the gate p—n junction. The development of diode
and transistor structures displaying the photocurrent amplification effect and photosensitivity in a wide range of light
signal intensities is of interest for optical signal processing without distortions.

The dependences of the light characteristics of the gate p—n junction on the illumination intensity and on the
cutoff voltage have also been investigated and the physical processes leading to the photocurrent amplification effect
of the gate of the field-effect phototransistor whose channel is doped with tin have been analyzed.
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Fig. 1. Switching circuit of the field-effect phototransistor with self-bias on the
gate [1] (a) and with a common source [3] (b); D, drain; S, source; G, gate.
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Fig. 2. Structure of the investigated GaAs field-effect phototransistor with a
control p*—p-n junction in the photodiode switching regime with connected
drain and source leads; S, source; G, gate.

Experimental Specimens and Investigation of the Photoelectrical Characteristics. The investigated struc-
tures of the FET are based on step-by-step grown epitaxial layers of the p- and n-type of conduction on a highly
doped p+GaAs substrate. The control p—n junction of the FET represents a gallium-arsenide-based p+—p—n homojunc-
tion in which the groove-channel etched in the n-zone serves as a photodetection window (Fig. 2). The epitaxial layer
thickness under a groove of length 50 um is 0.32 um at a width of 700 pum. In the Sn-doped nGaAs channel, the
carrier density decreases towards the surface from 310" cm™ to 1-10'® cm™. The drain-source contact areas of size
700 x750 um were formed by sequential deposition of tin and nickel on its top. The ohmic contact to the gate zone
was obtained by depositing nickel to which the negative potential of the cutoff voltage was connected, and the positive
potential was connected to the source contact closed with the drain, as is shown in Fig. 2, providing the photodiode
regime. The voltage dependence of the dark current of the gate (Fig. 3) is described by the power law I~ UY creating
two parts with exponents 0.6 and 1.78 (inset). In the first part where low noises are provided, the current transfer
mechanism is determined by the generation of carriers in the space-charge layer, and the second part is associated with
the avalanche processes. Since the carrier density in the base is two orders of magnitude higher than in the p-zone,
with increasing cutoff voltage the space-charge layer extends into the base. For instance, as the cutoff voltage of the
gate increases, the space-charge layer extends in the direction of the channel surface in the thickness (d) of the base
zone (Fig. 4, curve 1), where corresponding carrier densities have been created. In so doing, the thickness of the
space-charge layer is defined as an increment in the initial thickness W = W, + AW. Here it should be noted that W is
identical to d. The curve of the change in the carrier density in the base zone thickness determined from the capacity-
voltage characteristics is linear (Fig. 4, curve 2) [6], and the contact potential difference U, = 1.03 eV. The carrier
density gradient in the channel thickness determined on the basis of the data of Fig. 4 is AN = (N = N,)/(d,—d;) =
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Fig. 3. Dark current of the gate p—n junction as a function of the cutoff volt-

age (in the inset on a double logarithmic scale). aark HA; Ugs, V.

Fig. 4. Majority carrier density distribution in the base thickness (1) and deple-
tion part of the base versus the cutoff voltage of the gate p—n junction (2).
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Fig. 5. Band structure of the p'—p—n junction in the equilibrium state (a) and
density distribution of carriers in the thickness (b).

6.25:10%° cm_4, and the gradient voltage [7] is AUgr = 1.05 V. The distributions of majority and minority carrier den-
sities along the structure coordinate, constructed on the basis of the experimental data, as well as the band diagram in
the equilibrium state are given in Fig. 5. Here the majority carrier density in the p-zone is equal to P, and in the n-
zone n, (n, = N), with the carrier density in the n-zone decreasing from N; to N, on the segment d, —d; to create a
gradient voltage. In this case, the space-charge layer covers part dp on the side of the p-zone and part d, on the side
of the n-zone. At their boundary we have the intrinsic carrier density n;. In view of the law nl2 = Py, = P,n, [7] the
created distributions of minority carrier densities, i.e., the determined concentrations of electrons n, in the p-zone and
holes P, in the n-zone, are given in Fig. 5b. Under illumination from the side of the channel the concentration of pho-
togenerated electrons increases directly with the radiation intensity, and the concentration of photogenerated holes com-
pared to the dark current values increases near the space charge boundary. Investigations of the photoelectrical charac-

teristics of this structure carried out under illumination of the channel region depending on the integral radiation have

192



55 :
3r f/ﬂ ’ i
/o3
£
| S HFT 1
A
2F p /{//
&R ;/
P R
L ) b
My{yl“{; e X
1r &»Mywb—awc%e\fp ) ﬂ/ﬁﬁ/g/x
ss(—%)W%@z(%%%%em%%ﬁ%ﬁ/@ﬁ %
I %’%*;/@fe%—@—ew—qw%b—es—e{gfg /X/'ZA
L X:X:X:X:X:Y:X:Y‘jX:X:X:XjX:Z' X
O 1 L 1 1 1 1 0 1 L . I '
0 1 2 Ugs 200 400 600 800 1000 @

Fig. 6. Light current of the gate versus the cutoff voltage at various integral
illumination intensities: 1) 200 1x; 2) 400; 3) 600; 4) 800; 5) 1000. I'€" pA;

Ugsr V.

Fig. 7. Light current of the gate versus the illumination intensity at cutoff
voltages of 1) 0 V; 2) 0.3; 3) 0.8; 4) 1.2. "8 yA; @, Ix.
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Fig. 8. Gate photocurrent versus the cutoff voltage at various integral illumina-
tion intensities: 1) 200 1x; 2) 400; 3) 600; 4) 800; 5) 1000. P"°, A; Ugs. V.

shown that the photocurrents increase first linearly and then more intensively as the voltage is increased from 0 to 2.5
V (Fig. 6). In so doing, as the illumination intensity increases from 100 to 1000 Ix, the character of the voltage-cur-
rent curve remains unaltered. The dependences of light currents on the illumination intensity at cutoff voltages (0-1.2
V) corresponding to the first portion of the dark current are superlinear (Fig. 7). The exponent m of the dependence
of the light current on the illumination intensity for a cutoff voltage of 0.8 V equals 1.4-2 (Fig. 7, inset) unlike p-n
junctions with a linear light characteristic [8].

Another feature of the structure associated with the illumination intensity is a linear increase in the gate pho-
tocurrent (I hoto _ plight _ jd ark) with increasing voltage (Fig. 8), and the slope of the photocurrent growth curve steep-
ens with increasing illumination intensity. In so doing, the physical processes proceeding in the space charge-zone of
the gate p—n junction under the action of the optical radiation and electric field can be explained with the aid of the
band diagram constructed at a cutoff voltage of 0.8 V (Fig. 9a). With increasing cutoff voltage the space-charge layer
begins to cover an increasingly larger part of the base zone due to the decrease in the majority and minority carrier
density at the boundary with quasi-neutral zones compared to the equilibrium one. As a result, the number of gener-
ated carriers will increase directly with the depletion layer thickness, leading to an internal increase in the photocur-
rent, which is due to the characteristic distribution of majority and minority carriers in the base thickness in the cutoff
regime of the gate (Fig. 9b).

Thus, in the p—n junction of the FET gate whose base zone is doped with tin with a carrier density decreas-
ing from 310" em™ to 1-10'% cm™ from the boundary of the p—n junction towards the surface, as opposed to the
tellurium-doped p—n junction [9], the voltage-current curve is nonlinear, breaking down into two segments. In the first
segment up to 1.2 V the current is minimal and then increases exponentially. The light current increases superlinearly
with increasing illumination intensity, and the dependence of the photocurrent on the cutoff voltage acquires a rising
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Fig. 9. Band structure of the p"—p—n junction at a cutoff voltage of 0.8 V (a)
and density distribution of carriers in the thickness (b).

character, causing an increase in the photosensitivity. In so doing, the photocurrent increases as both the radiation in-
tensity and the operating voltage increase, i.e., amplification of the gate photocurrent takes place. In this case, the ef-
fect of photocurrent amplification is that, at a given electric amplification coefficient of the transistor, its photocurrent
is increased due to an increase in the cutoff voltage and the input optical signal intensity.

Analysis of the Effect of Gate Photocurrent Amplification. It is known that in the FET a uniform distribu-
tion of dopants in the channel thickness is sought [10], and the input signal amplification is obtained by increasing the
transistor amplification coefficient, i.e., the transconductance. As a result, the possibility of controlling the photoampli-
fication properties by varying the photosensitivity of the gate p—n junction is overlooked. In photodiodes, the sensitiv-
ity is determined by the thickness of the depletion zone and the curve of its expansion as a function of the cutoff
voltage: the thicker the space-charge zone, the higher the photocurrent [11]. Therefore, to obtain controlled sensitivity
of the p—n junction, it is necessary to realize the physical ways of effective expansion of the depletion layer depending
on the cutoff voltage. This can be done, for example, by creating a nonuniform distribution of the carrier density [12],
since in the p—n junction with a uniform or increasing carrier density in the base the photocurrent values decrease (or
remain unaltered) with increasing voltage [1]. But in our case, as is shown in Fig. 8, as the illumination intensity in-
creases, the photocurrent increases with increasing cutoff voltage due to the presence of internal photoelectric amplifi-
cation. In particular, the photosensitivity of the gate p—n junction increases as both the cutoff voltage for given
illumination intensities (Fig. 10, curve 1) and the radiation intensity at given cutoff voltages (Fig. 10, curve 2) in-
crease. Its value reaches 1.14-107 HA/Ix against 31107 HA/Ix in the FET with a tellurium-doped channel [3]. The
superlinear dependence of the light characteristics and the amplification of the photocurrent of the gate p—n junction
observed in the experiment can be explained by the following mechanism.

At a zero voltage on the gate, illumination of the channel zone leads to the appearance of a photocurrent
caused by the separation of the electron-hole pairs in the space-charge layer of the gate p—n junction. As the illumi-
nation intensity increases, the number of generated carriers increases due to the increase in the rate of generation of
electron-hole pairs. In so doing, the Fermi quasi-level approaches the conduction band and the generated electrons in
the gradient field reach the gate contact unimpeded. Under these conditions the internal electric field is concentrated in
a narrow space-charge layer since in its adjoining nGaAs zone there is some increase (from 1241072 em™ to
1.56:107% cm™ ) in the minority carrier density (Fig. 5b). Further on, as the cutoff voltage increases, the space-charge
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Fig. 10. Photosensitivity versus the cutoff voltage at 1000 1x (1) and the illu-

mination intensity at a cutoff voltage of 0.3 V (2). §;, pA/Ix; @, Ix; Ugs, V.

Fig. 11. Thickness increment of the space-charge layer versus the electric field
strength increment of the gate p—n junction as a junction of the given fixed
voltages with a step of 0.3 V. AE-104, V/cm; AW—10_4, cm.

TABLE 1. Density Distributions of Minority Carriers and Electric Field Strengths as a Function of the Modeled Thick-

ness of the Base

Ugs V n,y107% em™ | PA10% em™ | w07 em | E10% V/em W10% cm | E-10° V/em
0 124 1.24 2.15 4.79 — —
0.3 132 1.42 2.40 5.54 2.50 7.51
0.6 1.39 1.57 2.63 6.20 2.30 6.56
0.9 1.45 1.69 2.84 6.804 2.10 5.98
1.2 150 1.82 3.03 7.36 1.90 5.64
1.5 154 1.94 3.21 7.88 1.80 5.22

layer will move into the zone with a gradient carrier density where, depending on the cutoff voltage, the space-charge
layer begins to expand more effectively (Fig. 9a). In so doing, upon receding from the p—n junction boundary, the mi-
nority carrier densities of electrons in the p-zone and holes in the n-zone increase to create drift fields for photogen-
erated carriers, and in the cutoff regime of the gate p—n junction this gradient increases (Fig. 9b). As a result, effective
transfer of generated electrons from the adjoining p-zone into the n-zone and of holes into the p-zone by the drift
fields is provided.

The proposed mechanism of gate photocurrent amplification is validated by the following. For each given
fixed value of the cutoff voltage AU, = 0.3 V) we obtain the corresponding increment of the the space-charge layer
(AW) and of the electric field strength (AE), whose calculated data are presented in Table 1. In particular, as is shown
in Fig. 11, at first, for the next fixed step of voltage, due to the positive carrier density gradient we have a consider-
able increment of the electric field strength compared to the the space-charge layer increment (Fig. 11, section 1). In
accordance with the band diagram, the electric field of the p—n junction as a function of the cutoff voltage applied will
increase until the gradient zone of majority carriers is reached. In the next given step of the cutoff voltage, a more
effective expansion of the space-charge layer occurs and we have a smaller increment of the electric field strength
compared to the previous one (Fig. 11, section 2). However, since in the direction towards the base surface from the
boundary with a space-charge layer the density of majority carriers (electrons) becomes increasingly lower and the
density of minority carriers (holes) — higher (Fig. 9b), the gradient of holes — of the drift field — for photogener-
ated holes will increase. As a result, the number of photogenerated carriers increases and their movement towards the
base surface is characterized by not only diffusion but also by a drift in the accelerating electric field created by the
carrier density gradient. In other words, photogenerated electrons are effectively transferred, without loss, into the
channel and reach the source contact, and holes reach the gate contact (Fig. 9a), which prevents carrier recombination
in the quasi-linear part of the base and leads to photocurrent amplification [11]. With further increase in the cutoff
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voltage (above 0.9 V) the increment of the space-charge layer thickness is retarded (Fig. 11, sections 3 and 4), and
the electric field increment begins to prevail, which takes the dark current to the section of exponential growth with
suppression of the photocurrent amplification effect.

Thus, from the analysis of the photoelectrical characteristics it follows that the shape of the cutoff voltage-
photocurrent curve and the superlinearity of the dependence of the light current on the light intensity characterize the
photocurrent amplification effect of the gate p—n junction. The gradient distribution of majority and minority carriers
in the base creating internal electric fields is responsible for the photocurrent amplification effect.

Conclusions. Practically any semiconductor photodetector is used in pair with a FET for obtaining an optimal
output signal. In this aspect, the investigated field-effect phototransistor, combining the functions of the photodiode and
amplifier, is of interest as a universal photodetector superseding the hybrid-coupled photodiode and transistor. Doping
with tin of the base zone with a carrier density distribution decreasing from 310" em™ to 1:10'® cm™ from the p-n
junction boundary to the surface ensures the serviceability in a wide range of optical signal intensities and a super-
linear increase in the gate photocurrent with increasing intensity of the exciting integral light (from 100 to 1000 Ix)
due to the establishment of a gradient drift field in the base zone of the gate p—n junction. In so doing, an increase
in the cutoff voltage leads to a linear increase in the photocurrent. Such field-effect photoresistors are of interest for
fiber-optical transmission systems.

NOTATION

d, base thickness coordinate; d|, base thickness covered by the space-charge layer of the p-n junction; d,,
thickness of the quasi-linear part of the base; dp, d,, thicknesses of the space-charge layer on the side of the p- and
n-zones; E, AE, electric field strength of the p—n junction and its increment, V/cm; g, FET transconductance; I, cur-
rent, UA; Id ark, dark current, HA; Ilight, light current under illumination, ULA; P hom, photocurrent between the gate and
the source, WA; Al , change in the drain current, LA; m, exponent of the dependence of light current on the illumi-
nation intensity; n, n-zone; nO, high-resistance n-zone; n;, intrinsic carrier density; n,, majority electron carrier density;
n,, electron density in the p-zone; N, carrier density; N, carrier density in the base at the boundary with the space-
charge layer of the p-n junction; N,, carrier density in the base thickness; AN, gradient density, cm_4; P, majority
hole carrier density; P,, hole density in the n-zone; p+, highly doped p-zone; p, p-zone; Ry, load resistance, Ohm; Rg,
resistance in the gate circuit, Ohm; S}, photosensitivity, WA/Ix; U, voltage; U, contact potential difference, eV; Uy,
drain voltage, V; Ug_s, AUg.S, gate voltage and its change, V; AUgr, gradient voltage, V; W,, AW, initial thickness of
the space-charge layer of the p—n junction and its increment, Wm; 7y, exponent of the dark current-voltage characteristic;
@, illuminance, 1x. Subscripts: p, holes; n, electrons; gr, gradient; g.s, gate-source; d.s, drain-source; load, load; g, gate

load; c, contact; light, illumination current; photo, difference between light and dark currents; dark, current in the dark.
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