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A formulation of carrier transport in vertical p-i-n photodiodes is presented in Fourier space, taking
into account diffusion effects of carriers outside the intrinsic region. High frequency response of
photodiodes is investigated using the model. Calculated results show that diffusion limits the cutoff
frequency characteristics of photodiodes with short intrinsic region length. Photocurrent calculations
via the spectral method are in excellent agreement with two-dimensional device simulator results.
The model can be utilized in circuit simulation because of its reduced computational runtime. ©
2004 American Institute of Physics. [DOI: 10.1063/1.1787616]

I. INTRODUCTION

In order to design optoelectronic integrated circuits
(OEIC), accurate physics-based models describing the char-
acteristics of optoelectronic devices are necessary. One such
device is the p-i-n photodiode, which has been generally
investigated by solving the basic device equations using two
approaches: full numerical approach'™ and analytical
approach.s‘9 For models employed in circuit simulation, the
latter is more appropriate because the computational time is
considerably reduced, and thus adopted here. We particularly
focus on the vertical p-i-n photodiode, typically used as pho-
todetector in OEIC.

The high frequency response of the photodiode is mainly
limited by three factors.®’

(1) The drift transit time 74, for carriers to cross intrinsic (i)
region.

(2) The time 7 arising from junction capacitance C and
load resistance R.

(3) The diffusion time 74 of carriers generated in n* and/or
p* region.

The first factor is discussed precisely in previous works ™ by
considering the i region of the photodiode. In this region, the
carriers move along the direction of the electric field E ap-
plied. Thus the time 74 to cross the i region of length L is
given by 74=L/uE, where u is the mobility of carriers and
E is the magnitude of the electric field. Therefore the cutoff
frequency f7 is inversely proportional to L, i.e., frg~1/7y
o« 1/L. This describes a fact that long L is not suitable for
high frequency operation.

The second factor, RC-constant effect, has been taken
into account in Refs. 8 and 9. A reverse-biased p-i-n photo-
diode is treated as a capacitor, with the capacitance described
by Coc1/L. Thus 7p¢ is also proportional to 1/L, which
gives frrc~1/RCxL/R. Therefore, the RC-constant effect
becomes evident at small L. It is worthwhile to note that the
cutoff frequency increases as the load resistance R decreases,
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and vice versa. However, it is expected that diffusion (the
third limiting factor) becomes dominant and determines the
cutoff frequency as R decreases. The combination of the
three limiting factors is shown in Fig. 1. The high frequency
response at small L is determined either by RC effect or
diffusion depending on the value of R. Physically, as L ap-
proaches 0, p-i-n becomes similar to a pn photodiode. In
such case, most of the carriers are created in the low electric
field region and diffuse towards the junction. However, dif-
fusion is often neglected in analytical formulations and its
effect on high frequency response is not investigated yet.

In this paper, we present a consistent formulation for the
current characteristics of the vertical p-i-n photodiode by
taking into account the carrier diffusion generated in the n or
p region. Furthermore, we elucidate the role of each limiting
factor on the high frequency response of the photodiode. A
simulation scheme based on the spectral method'’ is also
described using analytical solution in Fourier space. In spite
of significant reduction in calculation time, the accuracy of
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FIG. 1. Schematic illustration of the limiting factors to cutoff frequency fr
as a function of intrinsic region length L. The dotted curve denotes the
limiting factor due to drift, which is proportional to 1/L. The two dashed
lines denote the RC-constant effect, which is proportional to L/R. Expected
effect of diffusion is also depicted. The combination of these limiting factors
determines the optimum length of intrinsic region to obtain high frequency
response.
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whereq,e,Np, andN, are the elementary charge, the per-
mittivity, and the densities of ionized donors and acceptors,

- respectively(see, e.g., Ref.11 for higher intensity illumina-
O T i ______ T tion). This assumption is justified by the fact that the ordi-
y E

nary operating condition of photodiodes is in the linear re-
gion in which the incident light intensity is below the level
L T isiilnisnlissnasscss from which the output pulse shape is distorted due to screen-
ing effect. The solution of this equation is approximated as

E(x) = {EO (0=sx=<Ll)

0 (x>L) @

The equations governing carrier transport are given by

Ev Ec an(x,t)  1dJu(x1t)
- s = Gn(xat) - Rn(X,t), (3)
FIG. 2. Structure of the verticgl-i-n photodiode. Light pulse is applied on at q Jx
the p surface and the generated carriers cross the junction.
ap(x,t)  1dJ,(xt)
+ - e = Gp(xlt) - Rp(xvt)v (4)

our calculation results are comparable to those of a conven- at q Jx

tional two-dimensional numerical device simulator. wheren andp are the electron and hole densily,andJ, are
The organization of this paper is as follows. In Sec. Il,the electron and hole current densi®/js the carrier genera-

we discuss the structure of the vertigal-n photodiode and tion rate, andR is the carrier recombination rate. We now

the basic equations governing carrier transport. In Sec. Illadopt the drift-diffusion approximation. For<Ox<L

the stationary approximation is briefly reviewed. Secion IV

. I ) L Jn(x,t) = JWDHEX), 5
is devoted to the derivation of nonstationary description of (%0 = unnOCHEX) ©)
carrle_r transport. Using the Fourier expansion, W(_a mvest_lgate Jp(X,t) - q,upp(x,t)E(x), (6)
the high frequency photoresponse of the photodiode. Finally
we give a summary in Sec. V. and forx>L
apxt)
Jp(x,t) = — KT, , 7
p( ) Mp X (7)
where u, , is the mobility. Since high reverse bias is nor-
Il. VERTICAL P-I-N PHOTODIODE STRUCTURE mally applied to obtain high speed operation, the drift com-
AND DEVICE EQUATIONS ponent overwhelms the diffusion component in the intrinsic

_ _ _ _ _ region, and thus the latter component can be neglected. On
~_The verticalp-i-n photodiode device structure is shown the other hand, in the region &f>L, the electric field due to
in Fig. 2. Light pulse is applied on the surface. Generated the high reverse bias vanishes and thus diffusion comes into

carriers cross the junction and flow as photocurrent. In ordeplay. The generation rat6& and recombination rat® are
to derive equations for the current, we adopt the followinggiven by

assumptions.

G p(X,t) = ap(t)e™, (8)
(1) Homogeneity in all device parameters, as well as the
intensity of the light radiation normal to the axis in 0 (0=sx=<L)
Fig. 2. R(x,t) =1 p(x) - p 9)
(2) Constant electric fieldE, in thei region. P fo (x>1L)
P

(3) Negligible potential drop in th@* andn* region.
(4) Shallow p* region with respect to light penetration wherea,$,po, and 7, are the absorption coefficient of the

depth. incident light, the photon flux, the hole density of sub-
(5) No change of electric field due to the incident light strate in equilibrium, and the life time of holes, respectively.
pulse. Here, we adopt the relaxation time approximation as the re-

combination rate. In the intrinsic region, carriers quickly
From the first assumption, we can treat the carrier dynamicgvacuate to the* or p* region due to the high electric field,
only in one dimension, along the direction. To minimize and thus recombination can be neglected. Moreover, the
diffusing carriers generated in th# region, the fourth as- dwell time =, that carriers are in theregion can be roughly

sumption is introduced. Therefore, we neglect giéx<0) estimated as Tq=L/ uEg~2X 107 s(L/1 um)
region hereafter. The last one implies that we can approxix (500 cn? V™! s/ u)(10* V cm™/E,), which is very much
mate the electric fiel&E(x) as shorter than carrier lifetime. Thus, our approximation is
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valid. The assumptions which we adopted in this section are
reasonable even in realistic cagese also Ref. 6

Jiotal(L) = Jgr(L) + Jgiss (L) = — Q¢<1 - ) . (20)

p

The response of the photodiode to a low frequency incident
IIl. STATIONARY DESCRIPTION OF THE PHOTODIODE  |ight variation can be described by the time variation of the

CHARACTERISTICS photon flux¢. In the following section, based on the above
Before discussing the nonstationary features of the phof_ormulatiqn, we p_res_ent nonstationary description taking into
todiode, the stationary solution, which is derived by settingccount time derivative terms.
the time derivatives to zero, is reviewgske the text book of
S. M. Szé?). The solution is valid in describing the photo-
diode characteristics under constant to low frequency vari
tion of incident light.
In the i region (0O=x<L), we derive the differential

aV. FULL NONSTATIONARY DESCRIPTION OF THE
PHOTODIODE CHARACTERISTICS

Here, we present a description for the nonstationary case

equations under high frequency operation of photodiodes. We adopt the
dJ,(x) . Fourier expansion method, which eliminates the variable
Tdx =-(gage ™, (10 and transforms the partial differential equations to a set of
solvable second-order ordinary differential equations.
dJ,(x
—ai’—) = qage . (11

A. Formulation using Fourier expansion

The solution satisfying the boundary conditions First, we expandi(x,t), p(x,t), $(t), J,(x,1), ande(x,t)

J(0)=0, Jy(L)=0 (12) as
is given by nixt) = >, N, (x)e™ L, (21)
34() = qg(e ™~ 1), (13)
-_— —iwit
Jp(X) = q¢(e—aL - —aX) . (14) p(xvt) - % pwi(x)e ’ (22)
Therefore, the current due to the drift becomes
— ~iwjt
Jar=dn+ Jp= - ap(L -, ay A0 ZdE 29
In the n* region(x>L), we derive the differential equa- .
thI’] ‘Jn(xvt) = E ‘Jn'wi(x)e_lwitl (24)
o - K
0, B0 PO Py 18 |
dX2 Tp Jp(xyt) = E ‘]p,mi(x)e_lwit| (25)
whereD,=ukT/q. Under the boundary conditions @
(=) =ps p(L)=0, 17) wherew; is the modulation frequency.

In thei region(0=x=<L), from Eqgs.(3)«6), we derive

we can obtain the solution as the differential equations

L2 dn,(X) i »
pP(X) = po - <pn0 + —a;’—zie‘“)e‘“‘”“p ) | ia Ny (X) = = of L, (26)
1-a; Dp dx MnEq HnEo
+ _alp ie‘“X (18) dp, (¥ ad
1-a’L3Dp () = ——eK (27)
— ) . dX ,leEO ! /*LpEO
where L,=\D,7,. Therefore, the current density atL is .
written as The solution is given by
dD(X)> __ %y, —ax _ (ol uEg)x
Jai(L) = — gD N, (X) = —————— (e — e =), (28)
aiff (L) q p( dx /oy i apnEg—lw;
D al
——an.—P — qh———P qal ad, )
apPo L q¢l +al € pw.(x) - _ —l-(e—ax _ e—aLe(Iwi/,upEo)(X—L)), (29)
P P i appEo + i,
L . . .
~ - qp—DPgat, (1990  which satisfy the boundary condition

l+osz

The total current density is the sum of the drift and dif-

fusion components

n,(0)=0, p,(L)=0. (30)

The current density is derived as
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I (X) =~ (@ - g o), (3Y)
i apnEy—lw; 1.0 .
@ 08} Y
Eodo, . = —~ %
Jp W)= —qa,up 0?‘”' Cl e—aLe(lwi/upEo)(X—L))_ (32) R oL R ‘|-'..
i appEy +io; §|06- ||‘-I .
3 s
In the n* region, from Eqgs(4) and(7), we derive = oal ||'E |
dszi(x) 1 leTpf a . = 02 - §¥ I||='=
- X)=——a, e, 33 o 10V ¥
dX2 erj wi( ) Dp¢wi ( )
0 1 1 1 1 1 1 L 1
where 1 102 10*  10°  10® 10"
iyt SHz]
P(X,t) = po = 2 f,, (e . (34)
o) FIG. 3. High frequency response b2 um for different applied reverse
biases. The response is enhanced at higher applied bias.
Imposing the boundary conditions
p(L,t)=0, p(e,t)=po, (35) B. High frequency characteristics
we obtain the solution U_sing the expression giv_en by E8) for the current
density of each mode, we investigate the high frequency
-3 characteristics of the verticghi-n photodiode. We first dis-
P(x,t) ~ o= " = Podu0 cuss the dependence of the high frequency response on ap-
' 5 plied reverse bias. Figure 3 shows the real parﬂagi)fnor-
- _“Lp_zid) _e—aL) malized by the value ab;=0 for three applied biasa2V,
1-iwm=a’LyDy ™ 5V, and 10 Vj for L=2 um. The optical amplitude of each
_\f—l—iwirE(X_L) mode is kept equa(The same results can be derived for any
X€ L optical intensity in the linear region of optical responda.
al? 1 i these calculations, we have only one device parameter, mo-
- -p - —a —io) . . .
o 55 bu€ € (30 ility u, whose value is adopted as500 cn?/V s. Higher
1-iwm—aL;Dp

The current density due to the diffusion is now written as

Jaire (L, 1) = — qu< i F;(z((’t))
x=L
L

V1-iwimp+aly

@i

~ E |:_ ¢l3_¢wie—aL:|

(37)

bias slightly improves the response at -3 dB level as ex-
pected. The dependencemf on the length. of thei region

is shown in Fig. 4 for a reverse bias of 2 V. We adopted the
same value of mobility as given above. The high frequency
response falls down for longér due to longer transit time

for carriers. On the other hand, for shorterthe high fre-
guency response is not necessarily enhanced. As shown in
the figure, the response is improved by reduding 2 um.

Therefore, the total current consisting of the drift and the

diffusion components is

Jotal L 1) = Il L, 1) + Jgr(L, 1) = 2 J,, €7 o
wj 'B‘ . _F::-‘ _‘t .
=3 | 990 (oo 2 o8| "W
) Cl’,LLnEO - iwi Y —3dB . o [3
wj m " R
L = 06} x i AN
- — qa p e—aL ¢w_e_iwit- (38) :28. —e—L=40p,m * il "‘
V1-iwm,+al, i S 04} | =—L=3.0um 148
& ~©=1=2.0um AR
. . . ==X==L~1.0um i
If we consider the stationary limib; — 0, Eq.(38) reduces to 0.2+ |--+=-L=0.5um \
Eq.(20). The load resistand®, which is normally connected i
to photodiode during operation, is not considered in this for- ob— L
; ; ; ; 1 10 10 10 10 10
mulation. As such, it not necessary to take into account dis-
placement current, which is needed to describe the S1Hz]

RC-constant effect. However, we can easily incorporate SUCIIg'—lIG. 4. High frequency response for differéntegion lengthL. The cutoff

an effect arising fronR into our formulation in a similar way
as in Ref. 9.

frequencyf; is depicted by the -3 dB lind; decreases at shdrtbecause
of diffusion effects. The reverse bias is 2 V.
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FIG. 6. Accurate calculation of the photocurrent calculated by the model as

FIG. 5. Cutoff frequency; as a function of region lengthL. At shorterL, compared to a two-dimensional device simulator. The stationary approxima-
the cutoff frequency is restricted by diffusion effects. tion is also depicted and a clear delay of the calculated current is observed.

However, beyond this value, the response deteriorates whialobility parameter is changeg. =550 cn?/V -s) in order

is attributed to the increasing contribution of the diffusionto reproduce thevepici result. This is justified by the fact
current. The cutoff frequencl (at —3 dB ling as a function that for any device model, parameter extraction is usually
of L is shown in Fig. 5. We can see a nonlinear growth of theapplied before performing circuit simulation. Calculation re-
cutoff frequency at small, which is different from the linear sults with our proposed model can reproduce the nonstation-
growth of RG-constant effec(see also Ref. @ Therefore, ary feature obtained by th@epici simulation. The nonsta-
there is an optimum length of theregion to obtain a high tionary feature is delayed as shown in Fig. 6.

frequency response as shown in Fig. 1. WiReis present,
the linear effect of thdrRC constant restricts the visibility of

the diffusion current effect depending on the valueRofin V. SUMMARY
the limiting case wher&k—0, diffusion alone decides the We have obtained the analytical current density descrip-
cutoff frequency at shott. tion for p-i-n photodiodes in Fourier space and investigated

the high frequency photoresponse using our description. For
shorter region length, we have shown that diffusion restricts
. . . . the cutoff frequency in the limit of zero load resistariRe

In order tq show the validity of th.e solution obtained in We also developed a simulation scheme based on the spectral
Eq. (38.)' we S|mulat_e the full nonstationary response of the ethod. With a significant reduction in computation time,
ph(_)tod_|odes. For this purpose, we adopt the spectral methoar:e current characteristics calculated by our model are com-
which is composed of the following procedure. parable to two-dimensional device simulation results.

(1) Expanding input optical signals into Fourier modes with ~ Our formulation developed in this paper is very easy to
single frequencyw; by using Fast Fourier Transforti.  use and compatible to the harmonic balance simulation of
(2) Deriving the solution of output current for each mode circuits,”® which is a powerful method for analyzing high
labeled byw. frequency and/or nonlinear circuits. Therefore, our result is
(3) Summing up the Fourier modes of current to constructvery useful to perform such simulation of OEICs.

the final output current in real space.

C. Simulation results based on the spectral method
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