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Abstract 

A semiconductor light-to-light transducer has been developed by vertical and direct mtegratlon of heterolunctton 
phototranslstors and a laser diode The transducer detects an optIcal signal and emIts an mtens&d optical 
output A hoear amphficatlon urlth gain > 100 for input light of O-30 WW IS achieved by the suppression of 
Internal optical feedback The static lnten~ity noise properties of the transducer are also mveshgated theoretically 
It IS estimated that the noise equivalent power LS 30 pW, and the relative mteoslty noise for a typ~~l Input 
power level of -10 PW IS about 10-14-10-‘3 

1. Introduction 

A light-to-light transducer has been reported as a 
new type of radlatlon transducer with various functions 
[l, 21 It LS considered as a device that detects light 
signals, converts them to electrical signals, ampldies 
them, and emits the mtensdied light signals The device 
has vanous functions, such as optical amphficanon, 
batability, and switching Therefore, the light-to-light 
transducer can be considered as a key device for optical 
sensing as well as for optical signal processmg and 
optical computing 

Thus far, the light-to-light transducer has been made 
by the vertical and direct integration of a heterqunctlon 
phototransistor (HPT) and a hght-ermttmg diode 
(LED) The device 1s considered as a kmd of opto- 
electronic integrated device (OEID) rather than an 
optoelectronic integrated cucult (OEIC) [2] In this 
work, we have developed a hght-to-light transducer by 
the vertical and direct mtegratlon of heterojunchon 
phototransistors and a laser &ode (LD) The LD offers 
various attractwe features, such as higher dtierentud 
quantum effiaency, emission of coherent light, thresh- 
oldmg charactenstss, and so on, compared v&h the 
case of the LED [3] 

In the following Sections, the structure, fabncahon 
procedure, and charactenstlcs of the transducer are 
described Among vanous hght-to-light transducmg 
characteristics, the linear optical amplrfication char- 
actenstlcs are especially emphasized and the theoretical 
analysis of the noise properties 1s also given, Since these 
are Important for sensmg performance 

2. Structure of Iigbt-to-light transducer 

Figure I shows the schematlc structure of a hght- 
tehght transducer The device IS composed of three 
HPTs and an LD with a p-substrate buned crescent 
(PBC) configuration [4] 

The crystal wafer for the device was grown by three- 
step hqmd-phase epltaxy (LPE) The current-b&long 
layers of p-InP @=7x 10” cm-‘, thickness d=2 Fm), 
n-InP (n =4 x 10” cm-“, d =0 7 pm), and p-InP 
@=7x 10” cm-“, d = 17 km) were grown on a p-InP 
substrate at the first LPE The p-InP cladding 
@ = 7 x 10” cme3, d * 1 pan), undoped InGaAsP actlve 
(band-gap wavelength A = 13 pm, d =0 2 pm), n-InP 
cladding (n = 7 x 10” cm-‘, d = 3 0 pm), and n-InGaAsP 
absorptive (A=1 2 pm, n=2~10” crne3, d=lO pm) 
layers were grown at the second LPE after the formation 
of a groove with 2 km width on the wafer A laser 
diode wth the PBC configuration was obtamed by these 
growth processes The HPT composed of n-InP buffer 
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Fig 1 SchematIc structure of a Itgbt-to-l@ transducer 
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(n = 1 X lOI cme3, d = 16 pm), n-InP absorptwe (A = 1 2 
pm, )2 = I x lOI cmm3, d = 10 pm), n-InP collector layer 
(n = 1 X lOI cmm3, d = 4 pm), p-InGaAsP base (A = 1 2 
pm, p =.5 X 1Ol6 cme3, d = 0 4 pm), and n-InP emitter 
(n=1x10’8cm-3, d = 10 pm) layers was grown at the 
third LPE 

After the growth, a mesh AuGelNI/Au electrode was 
evaporated on the epllayer SJde, and the wafer was 
mesa-etched to form three HPTs The AuZn/Au elec- 
trode was deposited on the backside of the substrate 
The wafer was then cleaved and bonded on a sdver 
heat smk The chmensions of each HPT were 210 X 290 
pm’, and the cavity length of the LD was 290 w 

3. Characteristics of hght-to-hght transducer 

Since the transducer has three HPTs on a smgle 
LD, vanous hght-to-light transducmg characterlstlcs can 
be obtained by vanous combmations of one of the three 
HPTs and the LD When HPT-2 1s utilized as the HPT 
part, It JS greatly affected by optical feedback from the 
LD Thus induces a sharp negative resistance charac- 
ter&c m the current-voltage charactenstlcs By utlhzmg 
this negative resistance characteristic, a high gain and 
very sensltwe photomc switching have been achieved, 
as reported previously [3] In this case, however, the 
hneanty between the output and input light signal 
powers is lost 

When hneanty between the input and output powers 
1s required, optlcal feedback from the LD to the HPT 
should be suppressed For the purpose, HPT-1 was 
utilued as the HPT portlon, where the relative sep- 
aration of HPT-1 and the LD was increased The 
distance between the stripe of the LD and the edge 
of HPT-1 was 185 pm Here we note that the optical 
absorptive layers ABl and AB2 were present between 
the HPT and the LD to achieve addItiona suppression 
of the feedback 

The threshold current of the LD part was 42 mA 
under cw conditions at room temperature, and the 
dtierential quantum efficiency was 11% for one facet 
The output wavelength was I 29 pm and the spontaneous 
emlsSion was well saturated at the threshold current 
On the other hand, the conversion gam of the HPT 
was - 1000 with a bias voltage of 4 0 V and a load 
resistance of 60 Q where the mput light wavelength 
was 1 15 km 

The current-voltage characterlstlcs of the transducer 
are shown m Fig 2, where the Input light (A,” =115 
pm) power JS taken as a parameter A negative dlf- 
ferential reslstrve charactenstlc JS not seen in FJg 2, 
except for the case P,, -0 PW It IS considered that 
substantial optlcal feedback does not occur 111 the device 
composed of HPT-1 and the LD The negative char- 
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Fig 2 Current-voltage characterlstlcs of the transducer, where 
the Input hght power IS taken as a parameter 

0 
INPUT l.IGi! POWERUW) 

1uu 

Rg 3 Output-Input hght-stgnal power charactertstvzs, where the 
load resistance IS taken as a parameter 

acterrstlc. appears in the dark con&ion (P,” =0 pW) 
due to the Early effect and the avalanche multlphcatlon 
effect m the HPT-1 Itself 

The dark current can be utihzed to pre-bias the 
transducer Just at the threshold current of the LD part 
When the broken hne shown m Fig 2 was selected as 
the load hne, which passes through the threshold current 
under the dark condition, the output-input light-power 
characterlstlcs became as shown m FJg 3, where the 
load resistance R JS taken as a parameter It JS seen 
m FJg 3 that a fairly good linear relatlonslup between 
the input and output power charactenstlcs has been 
obtamed, especially at R = 10 Q When R = 10 Q, the 
optical gam was as high as -200 The dependence of 
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Fig 4 Dependence of optxal gam on mput hgbt wavelength 

the optlcal gam on the input light wavelength 1s shown 
m Fig 4 An optlcal gam over 100 has been achieved 
m the wide wavelength range 0 75-l 25 pm When the 
mput wavelength was 092 F, the optlcal gain was 
250, the highest ever reported for this type of hght- 
to-hght transducer The large gam 1s due to the achleve- 
ment of lasmg osclllatlon m the light-enttmg part and 
also to the reahzatlon of a high converslon gain m the 
light-recewmg part The rse and fall times of the 
transducer were -500 ns and -800 ns, respectively, 
and were obtamed by the pulse-response measurement 
They can be made faster by reducmg the surface area 
of the HPT to decrease the CR constant A response 
time of about 10 ns may be possible when the surface 
area becomes 25x25 pm2 

It is seen in Fig 3 that the transducer emitted about 
150 PW output light power even when P,,=O This 1s 
due to spontaneous emission with a broad spectral 
hnewldth, this can be removed by usmg a narrow- 
bandwidth optical filter that can only pass the lasmg 
oscillation mode The optical filter is also unportant 
to reduce the Intensity noise of the transducer, as 
described m the next Section 

4. Relatwe intensity noise 

In Sectlon 3, we described the experunental results 
on the linear amphficatlon of detecting optical signals 
Here we discuss theoretically the mtenslty noise prop- 
erties of the transducer Noise properties are unportant 
for the apphcatlon of the transducer to various sensor 
systems 

The analysis was made by usmg the rate equations 
for the LD, and the shot noise commg from the HPT 
was considered We denve here the static relative 
intensity noise, defmed as ZUN= (sp2)lPoz for the con- 
tmuous-wave optical mput signal to the transducer, 
where Sp and PO are the fluctuation and the mean 
value of the output slgnal from the transducer, re- 
spectively Note that we do not treat the dynamic noise 

propertles here We assumed that the LD oscillates in 
a single longnudmal mode and that the carrier avalanche 
effect does not occur m the HPT 

The rate equation for carrier numbers n m an actwe 
layer IS expressed as 

drl 
ii=-7, 2 - G,(n)S+ 5 +F,@) 

where 7% denotes the carrier hfetltne, G&n) the modal 
gain of an LD, S the photon numbers, q the magnitude 
of the electron charge, and F, the fluctuation of the 
tamer numbers Z IS the mjectlon current, given by 

z= qG,,p 
hv In (2) 

where hu IS the photon energy of the mput light and 
P,, the mput light power GWpT 1s the conversion gam 
of the HPT and its frequency dependence IS expressed 
as 

(3) 

where Go IS the converslon gam at the low-frequency 
regon, and fe 1s the cut-off frequency 

On the other hand, the rate equation for photon 
numbers S m an actlve layer 1s expressed as 

f =G(n)S- th +p% +F,(t) 

where TV,, 1s the photon hfetune, p the spontaneous 
emlsslon factor, and Fs the fluctuation of the photon 
numbers 

The earner and photon numbers are expressed as 
the sum of the mean value and the fluctuation around 
1t 

n=n,+&l (5) 

s=s,+&s (6) 

When the transducer IS at the lasmg osclllatlon con- 
dition, the average tamer number no IS fixed to the 
lasmg-threshold carrier number n,,, We denve the tlme- 
derwatlve equations for Sn and Ss by using eqns (l), 

(4), (5), and (6) 

$ &=a,8n+a,GS+F,,(t) (7) 

; &S=.,&+F,(t) 

where the equations have been lmeanzed by neglectmg 
the products of fluctuations such as &n&Y Here 
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1 
at=- - 

7Ph 
(10) 

8 a,=gS,+ - 
7s 

01) 

In the above equations, we have used the followmg 
expresslon for G,(n) 

G,(n) = G&n, + 6r) = GLD(nth + 61) = G,_&,,) +g&z 

= r +g&z 
% 

(12) 

where g 1s the modal ddferentlal gain 
The relative intensity noise (RZN) for photons can 

be obtamed by Founer transformation of eqns (7) and 

(8) as 

(13) 

Here the fluctuation terms for the tamer numbers and 
the photon numbers are expressed as follows by usmg 
eqns (1) and (4) [S] and by consldermg the shot noise 
of the HPT [6] and the relative mtensity no= 
RIN(INPUT) of the input light slgnal 

(~“bP&)) = - $ (16) 

where the second and third terms of eqn (14) express 
the shot noise of the HPT and the noise coming from 
the mput light itself, respetively 

Equation (13), together Hrlth the other equations, 1s 
the sought-after expresslon for the relative intens@ 
noBe, and we can calculate the mtenslty noise of the 
transducer Here no=lz,,, and S, are calculated by the 
followmg equations, which are obtamed from eqns (1) 
and (4) 

(17) 

where R-(I-&,)/I, and Ith IS the lasmg threshold 
current of the LD part J3y utlllzmg eqns (17) and 
(18) and the relationship gn,,= l/~~,, [7], eqns (9)-(11) 
and (14)-(16) become more suitable forms for calcu- 
latlon The numerxal parameters used for the calcu- 
latlon are summarized m Table 1 

Now we shall desmbe the calculated results Fnst 
of all, the mput hght-slgnal power (P,“) dependence 
of RIN is discussed Figure 5 shows the result for the 
low-frequency regon U-=KO, Here we note that the 
LD part of the transducer IS pre-biased lust at the 
threshold current (R = 0) by usmg the dark current of 
the HF’T part as seen m Fig 2 It 1s seen that RIN 
decreases monotomcally with mcreasmg Pi,, When P,,, 
is small, the LD part of the transducer is Just above 
the threshold current and the ampMed spontaneous 
and stnnulated random enusslons senously affect the 
pure lasmg mode (output signal light) When P,” III- 
creases, the optlcal power of the pure lasmg mode 
increases and the mfluence of the random ermsslon 
becomes small, therefore,RIN becomes small We define 
here the nose equivalent power (NEP) as P,, at whxh 
RZN becomes 1, where the bandwldth B = 1 It IS found 
m Fig 5 that the NEP of the transducer 1s about 30 

PW 

TABLE 1 Numerical values used for now calculation 

Actwe layer volume V=l2X lo-‘0 [cm-‘] 
HPT cut-off frequency oJ(2m) - 1 x 106 [Kz] 
HFT gam at low frequency Go-1000 
Gamer hfetme Ts=3X10_9 [s] 
Photon hfetme Tph=lX1O-‘z [s] 
LD threshold current 1th-42 [di 

Spontaneous emmon factor /3=1x10-5 

Fig 5 REV as a function of mput hght-s@nal power 

Gl 
“o=#,h= - 

4 

So= F, 
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Next, we consider the frequency dependence of RIN 
The calculated results are shown m Fig 6 where P,, 
IS taken as a parameter RIN decreases once when the 
frequency exceeds 1 MHz and then Increases rapidly 
The decrease 1s due to the cut-off of the response of 
the I-IFT part, and the rapid increase IS due to the 
enhancement of the noBe caused by the relaxation 
oscdlatlon of the LD part 

We next d~cuss the dependence of RIN on the 
conversion gam of the HPT The calculated result 1s 
shown m Fig 7, where the gain G, of the HPT at the 
low-frequency regon 1s taken as a parameter It 1s seen 
m Fig 7 that RlN mcreases with decreasing G, When 
G, IS small, a small optical input P,, induces only a 
small current flow through the LD part In this case, 

FREQUENCY [Hz] 

Fig 6 Frequency dependence of RIN, where the Input I@- 
signal power IS taken as a parameter 

since the output signal power (the pure lasmg mode) 
cannot be so large compared with the random emission, 
the noise increases When P,, becomes large, however, 
the RIN difference between the larger and smaller G,, 
cases becomes small Tins 1s because the shot noise of 
the HPT becomes dommant for the total no&e when 
P,, increases and the noise of the transducer with the 
larger-gain HPT increases rapidly 

Figure 8 shows RiN of the output hght signal as a 
function of RIN of the input light signal, with P,,, as 
a parameter We consider here the case P,,= 10 pW, 
which IS the typical input signal-power level When the 
mput /UN 1s larger than 5 X 10-13, the output RlN 1s 
equal to the mput RIN Tlus means that the RZN of 
the transducer B determined by the input noise itself 
In this case, the noise figure, which 1s defined by the 
RIN ratio of the input and output light signals, becomes 
unity However, when the input RIN 1s less than 
5 X 10-13, the output RlN 1s determined by the trans- 
ducer Itself, and the noise figure becomes worse There- 
fore, It 1s very important to reduce the RZN of the 
transducer One way to do this IS to reduce the threshold 
current of the LD part, since this part 1s pre-biased 
by the dark current of the HPT and the pre-bias induces 
excess shot noise m the HPT part Figure 9 showsmN 
as a function of the thresholf current I,, of the LD 
part It can be seen that RIN indeed decreases with 
decreasmg It,, 

From these dlscusslons and some actual calculated 
numerical values, we may say that the transducer UI- 
tegrated wth the HPT and the LD can be utdlzed as 
a relatively low-noise and high-sensltlvlty linear optical 
amphfier Here we should note that the above ds- 
cusslons hold only when the LD part oscillates m a 
single longitudinal mode and the optical filter, with a 

Pin WW 
Fig 7 Convemon gam dependence of RIN 

INPUT RIN [/Hz] 
Fig 8 Relatlonshlp between output and mput signal RINs 
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very narrow bandwIdth that can pass only the wavelength 
of the lasmg mode, IS put lust after the output portion 
The avalanche effect m the HPT part should also be 
consIdered We are now trymg to measure the noise 
of the transducer, and the results ~111 be reported 
elsewhere 

5. Conclusions 

A hght-to-light transducer has been developed by 
vertical and chrect mtegratlon of three HPTs and a 
laser diode By the suppression of the mternal optical 
feedback from the LD to the HPT, a quite good linearity 
between output and detectmg optical powers has been 
obtnned A linear optical gain over 100 has been 
achieved for input light wavelengths of 0 75 to 125 
pm The maXlmum opkcal gain was 250 for a detecting 
opkal wavelength of 0 92 pm, this 1s the highest ever 
reported for this type of hght-to-hght transducers 

The stattc intensity noise properties have also been 
discussed theoretically under ideal cond&ons It has 
been denved that the noise equivalent power (NEP) 
is 30 pW and that the RIN for a typical mput power 
level ~10 PW 1s about 10-“‘-10-‘3 Various other 
RIN properties dependent on the conversion gain of 
the HlPT part and on the threshold cunent of the LD 
part have also been discussed 
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