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Fig. 6 Energy bandgaps of Si and GaAs as a function of temperature. (After Refs. 22-23.)

1.4 CARRIER CONCENTRATION AT THERMAL EQUILIBRIUM

One of the most-important properties of a semiconductor is that it can be doped with
different types and concentrations of impurities to vary its resistivity. Also, when
these impurities are ionized and the carriers are depleted, they leave behind a charge
density that results in an electric field and sometimes a potential barrier inside the
semiconductor. Such properties are absent in a metal or an insulator.

Figure 7 shows three basic bond representations of a semiconductor. Figure 7a
shows intrinsic silicon, which is very pure and contains a negligibly small amount of
impurities. Each silicon atom shares its four valence electrons with the four neigh-
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Fig. 7 Three basic bond pictures of a semiconductor. (a) Intrinsic Si with no impurity. (b)
n-type Si with donor (phosphorus). (¢) p-type Si with acceptor (boron).



1.4 CARRIER CONCENTRATION AT THERMAL EQUILIBRIUM 17

boring atoms, forming four covalent bonds (also see Fig. 1). Figure 7b shows an
n-type silicon, where a substitutional phosphorous atom with five valence electrons
has replaced a silicon atom, and a negative-charged electron is donated to the lattice
in the conduction band. The phosphorous atom is called a donor. Figure 7¢ similarly
shows that when a boron atom with three valence electrons substitutes for a silicon
atom, a positive-charged hole is created in the valence band, and an additional elec-
tron will be accepted to form four covalent bonds around the boron. This is p-type,
and the boron is an acceptor.

These names of n- and p-type had been coined when it was observed that if a
metal whisker was pressed against a p-type material, forming a Schottky barrier diode
(see Chapter 3), a positive bias was required on the semiconductor to produce a
noticeable current.>>*® Also, when exposed to light, a positive potential was gener-
ated with respect to the metal whisker. Conversely, a negative bias was required on an
n-type material to produce a large current.

1.4.1 Carrier Concentration and Fermi Level

We first consider the intrinsic case without impurities added to the semiconductor.
The number of electrons (occupied conduction-band levels) is given by the total
number of states N(F) multiplied by the occupancy F(E), integrated over the conduc-
tion band,

i = f N(E)F(E)dE . (13)

Ec

The density of states N(E) can be approximated by the density near the bottom of the
conduction band for low-enough carrier densities and temperatures:?

S2mGHE=E)V?
Vs 13 '

N(E) = M, (14)
M- 1s the number of equivalent minima in the conduction band and m1,, is the density-
of-state effective mass for electrons:”

my, = (mymimi)s3 (15)

where my, m3, mj are the effective masses along the principal axes of the ellip-
soidal energy surface. For example, in silicon 2, = (m;m;>)"3 . The occupancy is a

strong function of temperature and energy, and is represented by the Fermi-Dirac dis-
tribution function

3 I
) = 1+ exp[(E - Ep)/kT]
whc?re Ep is the Fermi energy level which can be determined from the charge neu-
trality condition (see Section 1.4.3).
The integral of Eq. 13 can be evaluated to be

F(E

(16)
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where N is the effective density of states in the conduction band and is given by
27mm,, kTy\3"?
chz(—h‘zJ] M. (18)

The Fermi-Dirac integral, changing variables with 7= (E—Ec)kT and np=
(Ep—E)ET, is given by

Er—E *  [(E-E.)kT]"
F”z( > C) =F\p(7p) = f L KT dE

S EC) (17)

Fm(T

kT 1+ exp[(E~En)/kT]kT
C
I
J; 1 +exp(n- ) 5 (19)

whose values are plotted in Fig. 8. Note that for 1 =—1, the integral can be approxi-
mated by an exponential function. At 7;- = 0 when the Fermi level coincides with the
band edge, the integral has a value of ~ 0.6 such that » ~ 0.7Np.

Nondegenerate Semiconductors. By definition, in nondegenerate semiconductors,
the doping concentrations are smaller than N and the Fermi levels are more than
several kT below E. (negative 17p), the Fermi-Dirac integral approaches
Ja (EF_EC) Iz EC_EF)
1/2 T

- TeXp(‘ kT

(20)
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and Boltzmann statistics apply. Equation 17 becomes

E.—E N
n= Ncexp(- CkT F) or E.-Ep= len(—Q) . (21)
(A

Similarly, for p-type semiconductors we can obtain the hole density and its Fermi
level near the top of the valence band;

p= NVA/%FW(EV;;TEF) 22)
which can be simplified to
p =N,,exp(— EF_EV) or Ep-E,= len(&), (23)
kT p
where N is the effective density of states in the valence band and is given by
2 m g, kT 32
Ny= 2(—}12—7} : (24)
Here m,, is the density-of-state effective mass of the valence band:?
myy = (mp3?+mp, 3223 (25)

where the subscripts refer to light and heavy hole masses previously referenced in
Eg. S

Degenerate Semiconductors. As shown in Fig. 8, for degenerate levels where n- or
p-concentrations are near or beyond the effective density of states (N¢ or Ny), the
value of Fermi-Dirac integral has to be used instead of the simplified Boltzmann sta-
tistics. For 77> —1, the integral has weaker dependence on the carrier concentration.
Note that also the Fermi levels are outside the energy gap. A useful estimate of the
Fermi level as a function of carrier concentration is given by, for n-type
semiconductor’®

n oy
EF—-EC%kT[ln(A'T—C) +2_3/2(]V—C)_, (26a)
and for p-type
E,—E.= (L) —3/2(L}d _
k) kT[ln Z) 22 (26b)

Intrinsic Concentration. For intrinsic semiconductors at finite temperatures,
thermal agitation occurs which results in continuous excitation of electrons from the
valence band to the conduction band, and leaving an equal number of holes in the
valence band. This process is balanced by recombination of the electrons in the con-
duction band with holes in the valence band. At steady state, the net result is
n=p = n; where g, is the intrinsic carrier density.

The Fermi level for an intrinsic semiconductor (which by definition is nondegen-
erate) is obtained by equating Eqs. 21 and 23:
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E
pn = NCN,,.exp(— ﬁj
=ni (29)

which is known as the mass-action law. But for degenerate semiconductors, pn < 17 .
Also using Eq. 28 and E, as the reference energy, we have the altemate equations for
n-type materials;

n= n,.exp( ) or Ep-E; = len( ) ) (30a)
kT
and for p-type materials;
E.—-Ep p
p=n,-exp( T ) or Ej—EF:len(Z). (30b)

1.4.2 Donors and Acceptors

When a semiconductor is doped with donor or acceptor impurities, impurity energy
levels are introduced that usually lie within the energy gap. A donor impurity has a
donor level which is defined as being neutral if filled by an electron, and positive if
empty. Conversely, an acceptor level is neutral if empty and negative if filled by an
electron. These energy levels are important in calculating the fraction of dopants
being ionized, or electrically active, as discussed in Section 1.4.3.

To get a feeling of the magnitude of the impurity ionization energy, we use the
simplest calculation based on the hydrogen-atom model. The ionization energy for
the hydrogen atom in vacuum is

moq*

Ej = = 13.6 eV. (31)

32 gih?
The ionization energy for a donor (E-— Ep) in a lattice can be obtained by replacing
m, by the conductivity effective mass of electrons’

-1
m, = 3L+ L +_‘) (32)

and by replacing g, by the permittivity of the semiconductor ¢ in Eq. 31:

Eo—Ep = (5")2(’"“’)15 33
c—+D — 5_5- nIO H: ( )

The ionization energy for donors as calculated from Eq. 33 is 0.025 eV for Si and
0.007 ¢V for GaAs. The hydrogen-atom calculation for the ionization level for the
acceptors is similar to that for the donors. The calculated acceptor ionization energy
(measured from the valence-band edge, E, = (E;— E) is 0.05 eV for Si and GaAs.
Although this simple hydrogen-atom model given above certainly cannot account
for the details of ionization energy, particularly the deep levels in semiconduc-
tors,* =33 the calculated values do predict the correct order of magnitude of the true
ionization energies for shallow impurities. These calculated values are shown to be
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much smaller than the energy gap. and often are referred to as shallow impurities if
they are close to the band edges. Also, since these small ionization energies are com-
parable to the thermal energy kT, ionization is usually complete at room temperature.
Figure 10 shows the measured ionization energies for various impurities in Si and
GaAs. Note that it is possible for a single atom to have many levels; for example, gold
in silicon has both an acceptor level and a donor level in the forbidden energy gap.

1.4.3 Calculation of Fermi Level

The Fermi level for the intrinsic semiconductor (Eq. 27) lies very close to the middle
of the bandgap. Figure 11a depicts this situation, showing schematically from left to
right the simplified band diagram, the density of states N(E), the Fermi-Dirac distri-
bution function F(E), and the carrier concentrations. The shaded areas in the conduc-
tion band and the valence band represent electrons and holes, and their numbers are
the same: i.e., n = p = n, for the intrinsic case.

When impurities are introduced to the semiconductor crystals, depending on the
impurity energy level and the lattice temperature, not all dopants are necessarily ion-
ized. The ionized concentration for donors is given by3°

Np = No
DT T+ gpexp[(Ep—Ep)/kT)

where g, is the ground-state degeneracy of the donor impurity level and equal to 2
because a donor level can accept one electron with either spin (or can have no elec-
tron). When acceptor impurities of concentration N, are added to a semiconductor
crystal, a similar expression can be written for the ionized acceptors

Nj = N
A T+ g,exp[(Ey—Ep)/kT]

where the ground-state degeneracy factor g, is 4 for acceptor levels. The value is 4
because in most semiconductors each acceptor impurity level can accept one hole of
either spin and the impurity level is doubly degenerate as a result of the two degen-
erate valence bands at k= 0.

When impurity atoms are introduced, the total negative charges (electrons and
ionized acceptors) must equal the total positive charges (holes and ionized donors),
represented by the charge neutrality

n+ N7 = p+Nj. (36)

With impurities added, the mass-action law (prz=#?) in Eq. 29 still applies (until

degeneracy), and the pn product is always independent of the added impurities.
Consider the case shown in Fig. 11b, where donor impurities with the concentra-

tion N, (cm) are added to the crystal. The charge neutrality condition becomes

(34)

(35)

n=NL+p
=N§ . (37)

With substitution, we obtain
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The disadvantages of the Schottky source/drain are high series resistance due to
the finite barrier height, and higher drain leakage current. Typical /-/" curves show
that current is starved at low-drain bias (Fig. 35). Also note that as shown in Fig. 34,
the metal or silicide contact has to extend underneath the gate for continuity. This
process is much more demanding than a junction source/drain which is done by self-
aligned implantation and diffusion.

Raised Source/Drain. An advanced design is the raised source/drain where a
heavily doped epitaxial layer is grown over the source/drain regions (Fig. 36a). The
purpose is to minimize junction depth to control short-channel effects. Note that an
extension underneath the spacer is still needed for continuity. An alternative is the
recessed-channel MOSFET where the junction depth r; is zero or negative
(Fig. 36b).%* The drawback of the recessed-channel structure, especially for submi-
cron devices, is the difficulty in controlling the contour and the oxide thickness at the
corners where the threshold voltage is determined. Also, oxide charging may be
worsened because more hot-carrier injection will occur.

6.5.4 SOI and Thin-Film Transistor (TFT)

SOI. Unlike thin-film transistor, the top silicon layer of an SOI (silicon-on-insulator)
wafer is high-quality single-crystalline material that is suitable for high-performance

Drain Source Drain

(a) (b)

Fig. 36 Means to reduce source/drain junction depth and series resistance. (a) Raised
source/drain. (b) Recessed channel.
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and high-density integrated circuits.® Many forms of SOI structures have beep dem-
onstrated with different insulator materials and holding substrates. These include
silicon-on-oxide, silicon-on-sapphire (SOS), silicon-on-zirconia (SOZ), and silicop-
on-nothing(air gap). In SOS and SOZ technologies, a single-crystalline silicon film ig
epitaxially grown on a crystalline insulating substrate. In these cases, the insulatorg
are the substrates themselves, Al,0, in SOS and ZrO, in SOZ. The difficulties in
these techniques are the material quality when the film gets thinner. The first option,
using oxide as an insulator and another Si wafer as the holding substrate, is by far the
most popular. There are many ways to fabricate this structure. Among them SIMOX
(separation by implantation of oxygen) where high-dose oxygen is implanted onto a
silicon wafer followed by high-temperature anneal to form the buried SiO, layer.
Another technique involves bonding of two silicon wafers one of which has an oxi-
dized layer followed by thinning or removal of the majority of the top wafer until a
thin silicon layer is left. One technique uses lateral epitaxial growth of silicon over an
oxide layer, starting from a seed opening to the substrate. Another uses laser recrys-
tallization, transforming amorphous silicon deposited onto the oxide layer into
single-crystalline material, or into poly-crystalline form with large grain size.

Figure 37a shows a schematic diagram of an #n-channel MOSFET made on an SOI
substrate, with its typical /-V characteristics shown in Fig. 37b. The kinks associated
with floating body without a substrate tie are noticeable.

The advantages of the SOI substrate include improved MOSFET scaling due to its
thin body. A thin body can alleviate most problem with punch-through such that the
channel can be doped lightly. The subthreshold swing is known to be improved. The
buried oxide layer serves as good isolation to reduce capacitance to the substrate,
giving rise to higher speed. As shown in Fig. 37a, device isolation is much easier,
simply by removing the surrounding thin film. This can significantly improve the
circuit density. This type of isolation, as opposed to junction isolation in planar tech-
nology, also eliminates latch-up phenomenon in CMOS circuits. The disadvantages
of SOI is higher wafer cost, potentially inferior material properties, the kink effect,
and worse heat conduction because of the oxide layer.

= I G
E
Source m_ Drain a 4L
& ] S5\ 7] e
l Oxide | 5L
3
’ c 2F
Si substrate =
D / 0
1 |
0 05 10 15 20 25
Drain voltage ¥y, (V)
(a) (b)

Fig. 37 (a) Typical structure of MOSFET on SOI wafer, and (b) its drain characteristics-
(After Ref. 66.)
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tors are cooled to lower temperatures (such as 77 K and 4.2 K). The lower
temperatures reduce thermal effects which cause thermal ionization and deplete the
energy levels, and increase the gain and detection efficiency. Near 0.5 pm, a CdS
photoconductor has high sensitivity, whereas at 10 pm a HgCdTe photoconductor is
preferred.® In the wavelength range from 100 to 400 pm, a GaAs extrinsic photocon-
ductor is a better choice because of its high detectivity.” This photoconductor has high
dynamic range and can give comparable performance for high-level (strong light
intensity) detection. For low-level detection at microwave frequencies, however, a
photodiode will provide considerably more speed and higher signal-to-noise ratio.
Thus photoconductors have limited use in high-frequency optical demodulators, such
as in optical mixing. They have been, however, extensively used for infrared detec-
tion especially beyond a few microns of wavelength.

13.3 PHOTODIODES

13.3.1 General Consideration

A photodiode has a depleted semiconductor region with a high electric field that
serves to separate photogenerated electron-hole pairs. For high-speed operation, the
depletion region must be kept thin to reduce the transit time. On the other hand, to
increase the quantum efficiency (the number of electron-hole pairs generated per inci-
dent photon), the depletion layer must be sufficiently thick to allow a large fraction of
the incident light to be absorbed. Thus, there is a trade-off between the speed of
response and quantum efficiency.

For the visible and near-infrared wavelength range, photodiodes are usually
‘reverse-biased with moderate biasing voltages, because this reduces the carrier transit
-'[{time and lowers the diode capacitance. The reverse voltage is, however, not large
enough to cause avalanche multiplication or breakdown. This biasing condition is in
‘contrast to avalanche photodiodes, where an internal current gain is obtained as a
result of the impact ionization under avalanche breakdown conditions. All photo-

I p-i-n photodiode, p-n photodiode, heterojunction photodiode, and metal-semicon-
tiictor (Schottky barrier) photodiode.

| _‘i.u‘_eVe shall now briefly consider the general characteristics of a photodiode: its
antum efficiency, response speed, and device noise.

ntum Efficiency. As mentioned previously, quantum efficiency is the number of
“lron-hole pairs generated per incident photon (Eq. 2). A related figure of merit is
= 'eSponsivity, which is the ratio of the photocurrent to the optical power (Eq. 3).
ore, for a given quantum efficiency, the responsivity increases linearly with

stiength. For an ideal photodiode (7= 1), = 4/1.24 (A/W) where 1 is expressed
fiCTons,

Sin; - . ) : .

nfe the optical absorption coefficient ¢ is a strong function of the wavelength,
EIVen semiconductor the wavelength range in which appreciable photocurrent
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can be generated is limited. Since most photodiodes use band-to-band'ﬁ
tion (except for photoexcitation over the barrier in metal—semicoﬁdue
diodes), the long-wavelength cutoff A, is established by the energy
semiconductor, Eq. 1, for example about 1.7 um for Ge and 1.1 um for Si.

« are very large (= 10° ecm™'), and the radiation is absorbed very near the
where recombination 1s more likely. The photocarriers thus recombine before
collected in the p-1 junction. In the near-infrared region, silicon photodiodeg—;
antireflection coating can reach 100% quantum efficiency near 0.8 to 0.9 um. iriwhe
1.0- to 1.6-pum region, Ge photodiodes, I11-V ternary photodiodes (e.g., InGaAs). an.
[1I-V quaternary photodiodes (e.g., InGaAsP) have shown high quantum efficie ,
For longer wavelengths, photodiodes are cooled (e.g., 77 K) for mgh-efficiency
ation.

Response Speed. The response speed 1s limited by a combination of three factors:
(1) drift time in the depletion region, (2) diffusion of carriers, and (3) capacitance of.
the depletion region. Carriers generated outside the depletion region must diffuse to
the junction resulting in considerable time delay. To minimize the diffusion effect. the.
junction should be formed very close to the surface. Most light will be absorbed when'
the depletion region is sufficiently wide (of the order of I/&); with sufficient reverse
bias the carriers will drift at their saturation velocities. The depletion layer must not
be too wide, however, or transit-time effects will limit the frequency response. It also
should not be too thin, or excessive capacitance C will result in a large R, C tume con-
stant, where R, is the load resistance. The optimum compromise occurs when the
depletion layer is chosen so that the transit time is of the order of one-half the modu-
lation period. For example, for a modulation frequency of 10 GHz, the optimum
depletion layer thickness in Si (with a saturation velocity of 107 cm/s) is about 5 {m.

Device Noise. To study the noise properties in a photodiode, we will consider the
generalized photodetection process shown in Fig. 5a. An optical signal and back-
ground radiation are absorbed by the photodiode, whereby electron-hole pairs ar
generated. These electrons and holes are then separated by the electric field and dri'ft
toward the opposite sides of the junction. In the process, a photocurrent i$ induced
the external load resistor. Since noise is frequency dependent, to determine the cur™
rents generated by this photoelectric process, we will consider an intensity-modulated
optical signal given by Eq. 12. The average photocurrent /, due to the optical sigﬂ_ill
is given by Eq. 10. For the modulated optical signal, the rms signal power 15
P/ /2, and the rms signal current is obtained from Eq. 13 with the gain set 10
umity,

_ 4mPop (1)

i _
ﬁh ¥

We designate the current resulting from the background radiation to be I, and the
dark current due to thermal generation of electron-hole pairs in the depletion region
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Fig. 5 Noise analysis of photodiode. (a) Photodetection process. (b) Equivalent circuit. (After
Ref. 8.}

1. Because of the random generation of all these currents, they contribute to shot
noise given by

(i2) = 29(Ip+1z+15)B (18)
where B is the bandwidth. The thermal noise is given by
_ 4TB

{if) R, (19)
where
1 1 | 1
= = — -, (20)
Ruq Rj ‘RL Ri

Ie equivalent circuit of a photodiode is shown in Fig. 5b. The component C 1s the
ction capacitance, R, the junction resistance, and R, the series resistance. The vari-
'55 ‘Ie RL 1 an extemal load reqlstor and R, 1s the input resxstance of the following

S resistance R, is usually much smaller than the other resistances and can be
cted.

Fora 100% modulated signal (m2 = 1) with average power P,__, the signal-to-noise

21i0 can be written as L
S _ f[% _ ( l'/2)(qr,'Pnpllh v)? o)
Noower . (D + D 2qUp+Ig+1p)B +3kTBIR,, -

S equation, the minimum optical power required to obtain a given signal-to-
8U0 is (setting /,, = 0)
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')‘ »
Posloy = 210 [CTLB
n '7 q

5

<if
The noise-equivalent power (NEP) 1s given by (S/N =1, B=1 Hz)

where

NEP = rms Optlcal power PODtImin

= (%)@ W/cm=-Hz"2.

To improve the sensitivity of a photodiode, both 77 and R, should be increased while
I and /p, should be minimized. The NEP decreases with R, until it saturates to a con-

stant value limited by dark-current or background-current shot noise.

13.3.2 p-i-n and p-n Photodiodes

The p-i-n photodiode is a special case of the p-n junction photodiodes, and is one of
the most-common photodetectors, because the depletion-region thickness (the
intrinsic layer) can be tailored to optimize the quantum efficiency and frequency

response. Figure 6 shows schematic representation of a p-i-n diode and its energy-
band diagram under reverse-bias conditions, together with optical absorption charac~
teristics. We shall discuss the operation of p-i-n photodiode in some detail with the.
help of Fig. 6. This discussion applies also to p-n junction photodiodes. Light absorp-
tion in the semiconductor produces electron-hole pairs. Pairs produced in the deple-
tion region or within a diffusion length of it will eventually be separated by the
electric field, leading to current flow in the external circuit as carriers drift across the
depletion layer.

Quantum Efficiency. Under steady-state conditions the total photocurrent density
through the reverse-biased depletion layer is given by!?

tot = Y«
where J , is the drift current due to carriers generated within the depletion region and 1
Jyir is the diffusion current due to carriers generated outside the depletion layer in the |
bulk of the semiconductor and diffusing into the reverse-biased junction. We shall “
now derive the total current under the assumptions that the thermal generation current

can be neglected and that the surface p-layer is much thinner than |/¢. Referring 0

Fig. 6¢, the electron-hole generation rate is given by

G.(x) = Dyoexp(—ox) (26)

where @, is the incident photon flux per unit area given by Py, (1 - R)/4/1v, R is the
reflection coefficient, and .4 is the device area. The drift current J,, is thus given by
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Fig. 6 Operation of photodiode. (a) Cross-sectional view of p-i-n diode. (b) Energy-band
diagram under reverse bias. (¢) Carrier generation characteristics. (After Ref. 1.)

",
Sy = —qJ G.(x)dx = g@y[1 ~ exp(—allp)] (27)
0

where J¥, is the depletion-layer width. Note that within the depletion region, a
quantum efﬁciency of 100% has been assumed.

For x > I¥,,, the minority-carrier density (holes) in the bulk semiconductor is
determined by the one-dimensional diffusion equation

"P” pu —Puo

? ial
ox- 7,

: +G,(x) =0 (28)

-‘-'ff D is the diffusion coefficient for holes, 7, the lifetime of excess carriers, and
o Fhe Cthbnum hole density. The solution of Eq. 28 under the boundary condi-
oS p, = p, for x =wm, and p,, =0 forx =¥, is given by

By = Py~ P+ C,exp(~aI-PD)]exp( 7
'L > /ITT and

) + C,exp(—ox) (29)

»
2l /)
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The diffusion current density is given by

op
Jyiee = ~qD,—=
P éx - =
p ' . qp
- ¢ L ,II} nu Jal
q OI +aLpexp(. (24 D)+ .

The total current density is the sum of 7, inside the depletion region and 7, outside
the depletion, given by ‘

- D
o = 401 SRESDN), 4P,

l+o:LP Z

P

efficiency can be obtained from Egs. 2 and 32,

Aalq (1 R_)[l ~ exp(-aWD)}

P Ihv 1 + aLp (33)

opl
Qualitatively, the quantum efficiency is reduced from unity due to refection R and
light absorbed outside the depletion region. For high quantum efficiency, low reflec-
tion R and al', > 1 is desirable. However, for #, » |/ ¢, the transit-time delay may
be considerable. We consider next the transit-time effect.

Frequency Response. Since the carriers require a finite time to traverse the deple-
tion layer, a phase difference between the photon flux and the photocurrent will
appear when the incident light intensity is modulated rapidly. To obtain a quantitative
result for this effect, the simplest case is shown in Fig. 7a where all the light is assume
to be absorbed at the surface. The applied voltage is assumed to be high enough to
deplete the intrinsic region and to ensure carrier saturation velocity v,. For a photon
flux density given by @exp(jar) (photons/s-cm?), the conduction current density
Jona At point x 1s found to be, assume 7= 100%,

Jcond(x,) =4 cD] EXp [JCI)( I = 1)} . (34)
<y
The internal current is thus a function of time and distance. Since V-J,,, = 0, we can

write the external total current as
1

L i 2y 0% .
Jior = FDJ. (‘Jcond + ESE.) dx (35)
0

where the second term in parentheses is the displacement current. Substituting Eq. 34
into Eq. 35 yields
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Fig. 7 (a) Geometry assumed for analysis of transit-time effect. Photoresponse (normalized

magnitude and phase) vs. normalized modulation frequency of incident photon flux where
@= an /2. (After Ref. 10.)

TOIN 1 —exp(—j ot
Jior = IZJOE“ @ Pl )

7, +q @, T ']exp(}'wt) (36)

where /" is the sum of applied voltage and the built-in potential, and ¢, = /v, is the
transit time of carriers through the depletion region. From Eq. 36 the short-circuit
current density (7"~ 0) is given by

;I q@][l —exp(ja)f,.)]
i jot,

exp{jwt). 37N

Figure 7b shows the transit-time effects at high frequencies where the amplitude and
phase angle of the normalized current are plotted as a function of the normalized
modulation frequency. Note that the magnitude of the ac photocurrent decreases
idly with frequency when o, exceeds unity. At @i, = 2.4, the amplitude is reduced
A2 and is accompanied by a phase shift of 0.4z The response time of the photo-
tor is thus limited by the carrier transit time through the depletion layer. A rea-
le compromise between high-frequency response and high quantum efficiency
tgin,ed for an absorption region of thickness 1/e to 2/« such that a reasonably
8¢ portion of the light is absorbed within the depletion region.
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For the p-i-n photodiode, the thickness of the i-region is assumed equal to /.
The carrier transit time is the time required for carriers to drift through the iy, g
From Eq. 37 the 3-dB frequency is given by (ar, = 2.4) \

24 04v,

fsam = 21t, W

~0.40v,.

Figure 8 shows the internal quantum efficiency, that is, 7/(1 — R) of the Si P-i-n phes
todiode as a function of the 3-dB frequency and the depletion width calculated fr'-(;
Eq. 38 and Fig. 1. The curves illustrate the trade-off between the response speéjd
(3-dB frequency which is proportional to 1//#};) and quantum efficiency at various.
wavelengths, by adjusting the depletion width.

The constructions of some high-speed photodiodes are shown in Fig. 9, usually
with an antireflection coating (not shown) to increase quantum efficiency. The p-i-i
photodiode is shown in Fig. 9a. The thickness of the intrinsic region (or low n-type
doping, 1-region, or low p-type doping, 7-region) is optimized for the optical-signal
wavelength and the modulation frequency. The p-» photodiode is a related structure
where the /-type doping is high so that this layer is not fully depleted (Fig. 9b). Ata
wavelength close to the long-wavelength cutoff, the required absorption depth
becomes very long (for =10 cm™, 1/ = 1,000 um). One option to compromise
between quantum efficiency and response speed is to have the light incident from the
side, parallel to the junction. This has the potential of reduced intrinsic layer thick-
ness, shorter transit time, and thus higher speed, but at the expense of reduced
quantum efficiency. The light can also be allowed to strike at an angle that creates
multiple reflections inside the device, substantially increasing the effective absorp-
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Fig. 8 Variation of quantum efficiency of Si p-i-n photodiode with depletion width and
transit-time-limited 3-dB frequency for several wavelengths. Saturation velocity is 107 cm/s.
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Fig. 9 Device configurations of some high-speed photodiodes. (a) p-i-i7 photodiode. (b) pp-n
photodiode. (c) Metal-i-n photodiode. (d) Metal-semiconductor photodiode. (e} Point-confact
photodiode. (After Ref. 1.)

tion depth and at the same time keeping the carrier transit distance small.!!-!* The
other three devices are metal-semiconductor photodiodes. to be considered later.

For the p-n photodiode, since the depletion-layer is thin, some portion of light
could be absorbed outside the depletion region. This can lead to some disadvantages.
First, the quantum efficiency is reduced. Light absorbed outside the depletion region
by more than a diffusion length does not contribute to photocurrent at all, and that
Within a diffusion length the efficiency is also reduced. Second, the diffusion process
1 a slow one. The time required for carriers to diffuse a distance x is known to be

4x2
7D,

{ = (393
This is much slower than a drift process. The p-n photodiodes generally have a lower
fesponse speed than the p-i-n photodiodes. Finally, the neutral region contributes to
SEIIes resistance which is a source of noise as discussed before.





