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Abstrcat

Moded is developed for the dc |-V characteristics and microwave small-signal parameters of the InP-based
INo.50Alp28AS 1N 5G9y 3sAS HEMT's based on physical principles, and the effect of the extrinsic source and drain
resistances has also been included. Using the parameters obtained by this model and the small-signal model of PIN
detector, we simulated the tranampedance configurations with an inverter and a cascode input circuit of
monoalithically integrated PIN-HEMT front-end optical receiver. The results indicate that the cascode input stage can
realize a smaller input capacitance than the inverter-type, so it has a wider bandwidth. In order to operate in 2.5Gb/s
trangmission system, the cascode input stage is applied and the parameters are optimized. The simulations reveal that
the trans mpedance gain is larger than 63.2dB Q@ and the sengitivity is 30dBm when the it rate is 2.5Gb/s. Theresults
obtained in this paper provide a guideline for the fabrication of PIN-HEMT optical receiver.
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1. Introduction

Therapid increase of data rates in fiber-optic communication system requires high-sensitivity optical receiver capable
of operating at high speeds. In order to achieve this goal, an alternative way is to minimize the parasitics of a front-end
optical recelver. Consdering state-of-the-art integration, one attractive approach is to monoalithically integrate the
photodetector (PD) with the active electrical devices for amplification and signal processing on the same substrate. As
we know, the materials grown lattice matched to InP substrate are well-suited to long-wavelength (1.3~1.55u m)
communications of silica optica fibers. Meanwhile, InP aso shows good electronic properties such as high peak
electron velocity, high breakdown field and high therma conductivity. Therefore, InP-based optoelectronic devices
have been considerably interested in the past decades. However, due to gate-semiconductor interfacia problems, the
metal-insulator-semiconductor (MIS) and metal-semiconductor (MES) FET's do not feasible on InP, this makes

HEMT’s become the best choice. Furthermore, as the progress of HEMT PIN
electrical devicesis considered, HEMT's are the fast three-end devices ANZn
at the present time'. Meanwhile, it has the virtues of low noise, high s TiPthu .

]

. 4 , Ak eli |
output power and power-added efficiency’®. On the other hand, in i

comparison with avalanche photodiodes (APDs) and
mental -semi conductor-mental (MSM) PDs, PIN PD has the virtues of
low leakage current and high sensitivity. Hence, the integration
scheme of a PIN PD and a HEM T-based amplifier, as shown in Fig. 1, Fig. 1. Cross-sectional view of PIN-HEMT
is one of the most potential candidates in the long-haul high-speed

5.1 InP substrate

integration scheme
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transmission networks”’. For exploiting the potential performances of PIN-HEMT front-end optical receiver,
devel oping simple yet accurate device and circuit models are required.
In this paper, an anaytical model of InP-based 1Ny s5,Alp28AS1Nge5Ga035AS HEMT's is proposed based on physical
principlesin Sec. 2, which includes the effect of the extringc source and drain resistances. In Sec. 3 we anayze the
gain and the —3dB frequency of a tranampedance optical receiver, and caculate the input noise current for
determining the effect of noise sources and parasitic capacitance on the input stage. In order to operate in 2.5Gb/s
trangmission networks, the parameters are optimized. Finaly, in Sec. 4, we present the simulated results of the
front-end optical receiver with a cascode input stage.

2. Analytical modd of HEMT
The analytical model presented in this paper is based on the following assumptions. Firg of al, the gradual channel
approximation (GCA) is valid in the portion of channd where electron velocity is smaller than the saturation velocity.
Second, once the velocity saturation occurs near the drain edge of the channdl, further increase in the drain current is
only due to channd length modulation. Third, the gate current is neglected in order to make the model simple. This
assumption is valid to voltages bel ow the turn-on voltage for the gate current. Forth, the relation between the electric
field and the eectron velocity is given by a modified two-piece approximation. Findly, the parasitic MESFET is
neglected since the circuits operate at V ¢=0.

According to the charge control mode, the sheet charge density N,(X) in the two-dimension electron gas (2DEG)
above the threshold can be expressed as follows®:

£S
qd,

nS(X) =

(Vor —Ve (X)) (1)

Whereg, is the dielectric permittivity of Ings,Alg4eAs (hereafter referred to as INAlAS) layer, d; is the total thickness
from the gate surface to the top heterojunction, V4 = Vg =V, V;isthethreshold voltage, V(x) is the 2DEG

potential at a distance x from the source edge of the channel. For the uniform doping InAlAs layer, V; isgiven by

AE. _ qudd2
q &

V=@, - @

Where @, = 0.655V is the barrier height of the Schottky gate, if Ti/PUAu is applied®’, AE. is the conduction

band discontinuity at heterojunction, Ny is the doping concentration in n-InAlAs layer, dy is the doped InAlAs layer
thickness.

At the common conditions, the diffusion current is much less than the drift current, and can be neglected. Therefore,
the current-voltage relation is expressed as follows:

l4s = an, (v (x)Z (3)

Where Z is the gate width, g is the electronic charge, v(X) is the electron drift velocity. In this paper, the modified
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two-piece approximation™® is applied.

_ MENX _
v(x) = —— >~ E<2E.=2v_/ 4
=17 E(x)/ 2E, c = Vel Hy “a)

V(X) = Vg E=2E.=2v_ /U, (4b)

Where 4, is the low-field mobility, V, is the electron saturation velocity, Eis the critical field. Taking the field

distribution and the boundary conditions of intrinsic device into account, and integrating from the source X =0 to

thedrain X =L.Thedrain current |, inthelinear region, isfound to be expressed as

Ay GTVDS _ VDS2
2V Lt VDS

los =8 ©)

EV,

where 3 = » V| =E.L, Listhegatelength.

t

At Vg =Vper  the dectron drift velocity at the drain edge of the channel is saturated atV,, . Here, one can

obtained
Voo = VeV g ©
Ver +V1
V 2
| =p—— (7
DSAT VGT + ZVL

When V,, becomes larger thanV ,; , the point of saturation moves closer to the source. In this case, the channel
can be divided into two regions. The drain current in the saturation region |, can be obtained from Eq. (7) by
replacing V, with V| =V, =E.(L—AL), whereAL isthe saturation length of the channel.

VGT ’
VGT + 2(VL _VAL)

According to the derivation of AL by Byung-Jong Moon', the drain current in the saturation region can be
expressed

®)

lpsar = B

_ 2
I pss = | psar 1+L|n 1+ (VDS VDSAT)(VGT+2\/L) )
Vor +2V, 8\/( (VGT +V, )VL
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where V, = E.{, ¢ =,/dd, . d,istheeffective distance of the 2DEG from the gate at saturation region™.

When take the effect of the extrinsic source and drain resistances Rs and R into account, the boundary conditions are
given by

Vs =V ~ lps(Rs + Rp) (10a)

Ves =Vgs —lpsRs (10b)

Using the above boundary conditions, and integrating Eq. (3) again, one can obtain the extrinsc drain current in the
linear and saturation region.

The device transconductance g, and output conductance g, aredefined as

O = g,

dv

as

di
and gy = dvds

V4 =cons tant ds V4 =cons tan t

In the saturation region, the obtained expressionsfor g, .and g, are

2+4V, /VGT)+| 2V Ver = (Vor +V|_)2

VGT + 2\/L o NGT + 2\/L)(VGT +VL)2

gds{ﬁ Vor Ve } (12)

(11)

gms = IDSS(

(VGT + 2V|_)2 (VDS _VDSAT)

Considering the effect of the source and drain resistances, the extrinsic transconductance and drain conductance are
given asfollows:

_ O
Omee = (13)
1+ gmsRS + gd(RS + RD)
Ogee Jes (14)

"1+ R+0,(R+R)

According to the charge distributive approach under quasi-static approximation proposed by M. Nawaz', the gate
charge of HEMT's operated at saturation is given

QGsat = _Qt + (le + QgZ) (15)

WhereQ, = gZLN ,d,, Q, and Q,, arethe charge contribution in thelinear and saturation region, respectively.

gl

Subsequently, the gate-source capacitance and the gate-drain capacitance can be expressed
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__dQg _ 28 (NaV oV,
* dVGS Vps =cons tant dl EC (ZVGT - VDS)
(16)
2(VE 112 + V2V, +2V2AV, 13- NrVosVi); WALE, () Vor +4Y,
(2Ver _VDS)2 d, (Vor + ZVL)Z
_ dQg _ Ze, NE A+ VN, -2V, V,
Cop =~ =-— +
dVGD Vgs=constant thC (ZVGT _VDS)
(17)
(Vgs/lz"'zvezTVL+2VDZSVL/3_ZVGTVDSVL)]_W53(V -V ) 4
(2Ver _VDS)Z d, o o AV, +Vps =Vpar
Where g = M
(Ver +2V,)

3. Performance analyses of the front-end optical receiver

As a key eement, the front-end decides the whole performances of optical receiver. Hence, it must have enough
bandwidth, enough gain and low noise in the realistic optical transmission systems. Because of the virtues of wider
dynamic range, small waveform distortion, and steady circuit performance, the tranampedance circuit configuration

has been extensively employed in the front-end optical recelver. Fig. 2 illustrates the typical circuit diagram of a
transimpedance optical receiver.

Vipd Vidd o Tdd
1
Q3 Q4
: gﬂ . )
R . _ r
<Vout o Vout

Vs
(a) (b)

Fig. 2. Circuit diagrams of monolithic optical receiver. (a) An inverter-type optical receiver.
(b) An optical receiver with a cascode amplifier
If the effect of buffer stageis neglected, the gain of a transimpedance amplifier is represented by™

Z :Vout - RO_ARf
"1, 1+ A+ j27C (R +R)

(18

Where V_, is the output voltage amplitude, |, is the photocurrent produced by the PD, R, is the feedback
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resistance, R/ is the output impedance of the source follower circuit: HEMT's Qs and Q4 in Fig. 2(a), Ci» and A are
the total input capacitance and the open-loop gain of the circuit, respectively. Ci, can be estimated by

Cin = Cra tCrer =Cg +Cyp + Cyp(1+ A,) (19
Where Cy is the capacitance of the PIN PD, Cgo, Cypo, and A, are, respectively, the gate-source capacitance, the

. . . . . — rdslrdsz
gate-drain capacitance, and the gain of HEMT Q.. Constant A isgivenby A, = Q,, ————

dsl + rdSZ

Where gn is the extrinsic transconductance of HEMT Q,, Iy, =1/, and r,, =1/ 0., ae the output

resistances of HEMT’'s Q; and Q.
For the case of cascode input stage in fig. 2(b), the gain of the common source amplifier HEMT Q3 can be made
almost unity by choosing the same transconductance value for Q, and Qs. Consequence, Ci, can be minimized to

C,= de +Coy = de + CgS + 2ng (19>

Additionally, the open-loop gain A of an inverter input stage optical receiver is given by

I’ds,srdsA
m3
(g [P N §
A - A2 X A4 - ng dsl’ ds2 X ds3 ds4 (20)
foa Hle 4 Tosslost
m
rdsS + rds,4

Where g, isthe extrinsic transconductance of Qs, 1y, and r,, aretheoutput resistances of HEMT’'s Qs and Q.

The —3dB frequency of the front-end optical receiver is given by

1+ A

f = 2n
=P 2mC, (R +R)

The noise performance of the monolithic integration optica receiver is usually described by the total mean square

noise current”® <i2 >, whichis equal to the sum of the shot noise due to the leakage current in the HEM T’ s gate and

tot
the detector < if >, the Johnson noise in the feedback resistor < iJ2 >, the channd noise < ifh > and the
1/ f noise<i? >, thatis

12 —i2 12 12 12
Sl >=<Ig >+<I; >+<1;, >+<I; > (22

These noises can be estimated respectively as follows

<iZ>=2q(l, +1.)1,B (239)
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<if>==1 (19b)
2 3
<i2 >= 4KTT (27C,)°1,B (190)
Orree
8KTr (27, )* f 1 . B?
<i?>= (25, 1], (23d)

Ormee

Where k is the Boltzmann’s constant, g is the electronic charge, T is the absolute temperature, B isthe data bit rate, Ip

is the PIN PD dark current, Igs is the gate leakage current, [ is the noise figure, f_isthe 1/ f noise corner

frequency, |,, I;andl, are effective receiver bandwidth integrals which depend on the transfer function of the

circuit and the input and output waveforms. Assuming a raised cosine output pulse response of the receiver for a
rectangular input pulse shape, and a non-return-to-zero (NRZ) data format, it can be shown that 1,40.12", 1,=0.564,
15=0.0868"

Assuming Gaussian noise statistics, the average detectable power at a certain bit-error-rate (BER) is given by

<P >=(Qhc/ngA)y/<iZ > (24)
Where h is Planck’s constant, Cis the speed of light in vacuum, A isthe wavelength of the incident, 77 is the

quantum efficiency of PD, and Q is a parameter related to the signal-to-noise ratio (which is almost 6 at a BER of

10°). In thefollowing simulation, A =1.3um and BER=10" are assumed.
Base on the above analyses, we can conclude that a smaller input capacitance and a large open-loop gain will produce
awider bandwidth and alarger trans mpedance gain. Moreover, this can aso improve the sensitivity. In addition, when
the bandwidth is assured, the sensitivity can be further improved by increasing the feedback resistance.
In order to operate in 2.5Gb/s transmission system, the geometrical parameters influencing the performances have
been optimized, and the optimum values are shown in table. 1.

Table 1 the parameters of HEMT

L=lum Rs=20Q v &=1.55X10"cm/s
Z=50um Rp=250 e =1245¢
d¢=5nm Ng=2x 10®% cm® A Ec=0.53eV
dp =20nm u,=13900cmV + s | V=0V
d=3nm @ =0.655V V=2.5V

4. Results

The physical and geometrical parameters of HEMT's used in the simulation are presented in table 1. Additionaly, the
main parameters of the PIN PD arel @ =301 m, Wy=3.0u m, Np=5X10"cm™. Using the caculated results
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obtained in Sec. 2 and equations (18) (21) (22) (24) in Sec. 3, we simulate numericaly the performances of the
PIN-HEMT front-end optical receiver. Fig. 3 shows the relation between the —3dB freguency of the font-end receiver
and the feedback resistance. It implies that the —3dB frequency decreases as the feedback resistance increases. In order
to operate in 2.5Gb/s transmission systems, the cascode input stage should be adopted, and the feedback resistance
must be smaller than 2.2K. However, as we know from Eq. (18), thisis contrary to improving the gain of the front-end
receiver. Hence, there must be a trade-off between bandwidth and sensitivity, in the following simulation, R=2K is
assumed.

—=— Cascode
—o— Inverter

-3dB fequency (Hz)

. . . ; . : :
0.0 2.0k 4.0k 6.0k 8.0k 10.0k
Feedback resistance (O

Fig. 3. The dependence of —3dB frequency on the feedback resistances
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Fig. 4. Frequency response of the optical receiver with a cascode input stage

The frequency characteristic of the front-end optica receiver is presented in Fig. 4. it shows that the transimpedance
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gain, which is defined as 20log(Vou/lin), is larger than 63.2dB Q@ when the front-end receiver operated in 2.5Gb/s
transmission systems.
Fig. 5 is the noise current contribution as a function of the bit rate B. It can be observed that the noise current is

contributed primarily by Johnson noise in the feedback resistor<i JZ > at the low frequency. But the channel

noise< i3 >, which is proportional with B, is the dominant contribution as the bit rate increases. Because | ¢ and

104
10™ ~
10" —
10" —

10717 _:

10 ]

-
- —<i:>

-
- -
-—

Input noise current (A2)

10" .
EEL -

107 . —

100M 1G
Bit rate (bit/s)

Fig. 5. Bit rate dependence of Noise source
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0 1G 26 3G 4G 5G
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Fig. 6. Optical sensitivity versus the bit rate
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| , aretaken to bein the nA range, the shot noise < if > of PIN PD and HEMT’s can be neglected.

The dependence of the sensitivity on the bit rate obtained by Eq. (24), which depicts the relation between the
equivalent input noise current and the sensitivity, is shown in Fig. 6. For B=2.5Gb/s, the optical receiver shows an
excellent optical sensitivity (-30dBm).

5. Conclusions

We derived the static and dynamic model of InP-based 1ngsAlg28AS 1N esGansAS HEMT's based on physical
principles. Using the results obtained by this model and the small-signal model of PIN PD, We analyzed the relations
between —3dB frequency and the feedback resistance for the trans mpedance circuits with an inverter and a cascode
input stage, respectively. In order to operate in 2.5Gh/s transmission networks, the cascode input stage was adopted
and the parameters influencing the performances were optimized. Subsequently, the transmpdedance gain and
sensitivity were calculated. The results revedled that the transimpedance gain was larger than 63.2dBQ and the
sensitivity exceeded 30dBm when B=2.5Gb/s. The results obtained in this paper provide a guideline for the fabrication
of PIN-HEMT optical receiver.
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