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Temperature Determination in Optoelectronic
Waveguide Modulators

M. Allard, R. A. Masut, and M. Boudreau

Abstract—Optoelectronic devices are particularly sensitive to Most of the work presented in this article has been carried
temperature changes induced by the absorption of light and the out on the Mach—Zehnder (MZ) optical modulator fabricated
passage of current. In order to study the thermal issues arising in by Nortel Networks and used in high-speed transmitter modules

a InGaAsP-based Mach—Zehnder (MZ) optical modulator, a non- f tical fiber tel cati D ite the | ; i
linear finite-element thermal model of the device was constructed. 'OF OPtCaliberteiecommunications. Despite the importance o

The model considers the variation with temperature of both the temperature in this device, there exists no simple way of mea-
thermal conductivity of the semiconductors composing the device suring the internal temperature, soitis necessary to develop new
and the optical absorption. To that effect, the optical absorption experimental and theoretical tools to obtain this information.
was measured inside the waveguide as a function of temperature. |, this article, a thermal model of the optical modulator is pre-

An experimental method using liquid crystals to measure the sur- ted M1: th del dtoi tigate th i .
face temperature was also developed. Both were used to evaluate>€M€ [1]; the model was used to investigate thermal issues in

the temperature inside a variable optical attenuator presenton the the device and, more specifically, to study how the internal tem-
modulator. Good agreement with the model and the experiment is perature depends on the operating conditions (applied voltage,

found over a wide range of operating conditions. These tools are ex- photocurrent and optical power). The absorption coefficient in
pected to play a key role in understanding thermal issues in future hq \yaveguide, which depends on both the voltage and the local
photonic devices, in view of the desire to integrate multiple devices t ¢ d and din th del. A .
on a common substrate and the continuous increase of the optical empera ure,.Was measured and use m_ € mo _e' ' n experi-
powers in fiber systems. mental technique was also developed, which uses liquid crystals
oo . to measure the temperature on the surface of the chip. This tech-

Index Terms—Liquid crystals, optical modulator, optoelec- . . .

tronics, temperature measurements, thermal model. nigue was used notably to validate the model predictions. The
model and the experimental technique, used in conjunction, give

an accurate understanding of the thermal properties of this de-
I. INTRODUCTION vice.

PTOELECTRONIC components are particularly sensi- This paper first summarizes the operation of the MZ mod-
tive to the temperature distribution within the active reulator. Many other methods of measuring the temperature of
gion of the device, since many material properties’ such as ﬁﬁniconductor devices exist and are brleﬂy reviewed here; un-
band gap and the refractive index, vary with temperature. [frtunately, there are important limitations to their use in this
ternal heating is frequently observed in these devices andc@se. The thermal model and the liquid-crystal technique are
usually the consequence of current flow or of the absorption b¥en described, following which the model predictions and the
light. Heating can have several important and potentially detBXPerimental measurements are presented and compared. The
mental effects on the operation and the reliability of optoele@nalysis has revealed specific thermal phenomena in the modu-
tronic devices. For example, an increase in the internal tempe@for, which are also discussed.
ture may affect the wavelength of emission of a laser diode or the
switching voltage of an optical modulator, or accelerate degra- Il. DESCRIPTION OF THEOPTICAL MODULATOR
dation processes in any device. Thermal issues are especially
important in reliability testing, where devices are usually sub- Optical modulators are used in high-capacity long-haul op-
mitted to high stress conditions, typically involving high temfical-fiber links where it is desirable to employ separate devices
peratures, for extended periods of time. for light emission and modulation. This configuration solves the
problem of the laser chirp, that is, the excursion of the emission

. . , _ wavelength when the laser current is modulated. The optical
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Fig. 2. An enlarged view of the ridge area, under the attenuation pad. The

Fig. 1. The MZ optical modulator. Not all semiconductor layers are shown.9°!d pad is seen on top, forming an air bridge over the hollow regions shown
as white areas. The mesh shown is actually used in breaking up the structure in

finite elements.

structure is identical in all sections of the device. The p-n junc-
tion formed in the waveguide can be reverse-biased in either arnOn the other hand, the liquid-crystal technique described in
by applying a negative voltage to the top electrode with respehis paper does not suffer from such limitations. However, it
to the substrate electrode; this modifies the effective refractigan only measure the temperature on the surface of the device,
index in the waveguide, because of the quantum-confined Starkereas the most valuable information is the temperature in the
effect. Changing the voltage applied to the electrode coveriagtive region. Because the metallic pad efficiently dissipates the
each arm modifies the interference condition, and fast intenshigat generated in the active region once it reaches the device
modulation can be achieved with rapid voltage switching.  surface, the surface and internal temperature can differ signifi-

The operating voltage of the modulator is chosen so that litibantly. One efficient way of determining the temperature in the
absorption occurs in the waveguide. In contrast, the voltage agtive region of the device is to construct a thermal model of the
plied to the attenuator is typically higher by a few volts, whicimodulator.
causes significant absorption in the waveguide, due again to
the quantum-confined Stark effect. Controllable attenuation is IV. THERMAL MODEL OF THEATTENUATOR PAD
achieved by adjusting the voltage. The electrode covering th

attenuator is a large square gold pad, 226Hong, designed . -
g9e sq g9old p g 9 J?] a commercial software package that uses finite-element al-

to efficiently dissipate the heat produced when the photoc ; . L
y P P P oF thms to compute a three-dimensional temperature profile in

rent, generated when lightis absorbed, flows across the quanfﬁ Idevice The model includes every semiconductor, dielectric
wells. Since the highest temperature rise is expected to be fo g ' Y ' '

. Fgfetallic and solder layer found in the actual device. Fig. 2 shows
an enlarged view of the ridge area of the cross section of the

At this point, it is important to note that two types of devicegwdel’ clearly identifying each material. Note that only one half

were investigated, the first being simple stand-alone modulato(r?'g[he device is actually modeled, because itis symmetrical with

In the second type of device, a laser diode has been attache{f%)eCt to the vertical plane comprising the waveguide. Two ver-

the modulator to form an integrated laser-modulator. The wavgo > of the model exist: one is the stand-alone modulator and

C i . . A ther is the integrated laser-modulator, which takes into con-
uide is continuous in both devices, and the distance se arattl oth L -
d Paraigbration the effect of the laser heating. Although finite-ele-

the laser top-side electrode and the attenuator electrode is . o .
P ent models are fairly common, the originality of this thermal

#mM. The heat produced in the laser section is expected to infllS . , d
ence significantly the temperature distribution within the inte- odel is that it takes into account the temperature depe_nde_nce
grated device. of both the thermal conductivity and the optical absorption in

the waveguide, and is thus inherently nonlinear.

Heat is generated in the active region of the modulator when
a photocurrent, resulting from the absorption of light, flows per-

Temperature influences the behavior of semiconductpendicular to the quantum wells, and is extracted by a heat sink
devices, and many sophisticated methods have been develdpedted directly under the n-side (bottom) electrode The con-
for measuring the temperature in these devices. Infrared rribution of the heat produced by the thermalization of the car-
croscopy has been frequently used, mainly for microelectroniers after the photogeneration is negligible, since, at 156
circuits [3], [4], while optical methods, such as photolumithe excess of energy of the photons energy over the band gap
nescence, thermoreflectance and Raman spectroscopy, isuiasignificant when compared to the energy conferred to the
well suited to measure temperature in optoelectronic devicesyriers by the external electric field. The heat is not generated
such as laser diodes [5]-[7]. Unfortunately, these conventionadiformly along the length of the waveguide: how much heat is
techniques are of very limited use on the optical modulatgroduced at one pointalong the waveguide is determined by how
The spatial resolution of infrared microscopy (5+18) is not much light reaches that location and what the absorption coeffi-
sufficient to probe the 2sm-wide ridge of the MZ modulator, cientis at that point. The situation is complicated by the fact that
and the presence of a gold pad covering the region of interestioé absorption coefficient varies with temperature (as explained
the waveguide forbids the use of methods employing an optidgalthe next section). To account for this, the waveguide is di-
probe signal to measure the temperature of semiconductorsyvided into many cells along the length of the waveguide, each

eThe thermal model has been constructed with the afdgdr

measurements have been devoted to this device.

Ill. M ETHODS OFEVALUATION OF TEMPERATURE
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having the length of one element of the model; the absorptitm determine what operating conditions are safe or potentially
coefficient in each cell is at first determined from an initial uniharmful to the device.

form temperature. It is then a straight-forward task to compute

how much light is absorbed in each cell and how much heat is V. ABSORPTIONMEASUREMENTS

produced. These data are then fed iAtgor, which uses it to

compute a temperature distribution in the device. In each cel

the temperature found in the active region is used to correct ff Z'elm_l'_?] thg wavzgwde sa fundamental pa;ttc;]f t?e iht?]rr??:]
initial guess for the absorption coefficient. The process is rg10d€!. d et ep;)en dence 'S a coniﬁqtuence Ot eT?]C ath de
peated in that manner until a self-consistent solution is reachgs,m'con uctor band gap varies with temperature. The metho
typically, 5-10 iterations are required employed for these measurements is to inject light of limited

Another unique aspect of this model is that it takes into coHp\r’;etrhgo ﬁ\é?éil:?:g;?jnzegt'gggl'n;Cvifgf &ialt:)c;ra?:(;tt?hrgizi-t
sideration the temperature dependence of the thermal con P P P

tivity of the semiconductor materials(7’). The latter is usu- of the device, for every combination of voltage and stage tem-

ally proportional to’~" for the temperature range considere8erature po_ssble. The photocurrent Is taken as being the total
o current flowing in the device, as the dark current was measured
(20-250°C); T  is the absolute temperature ands an expo-

nent ranging between 1.2—1.5 [9]-[11], depending on the ex &d found to be negligible. Fibers that had their end ground to

composition of the semiconductor. Because temperatures u qgn a taper (which acts like a lens) are used to couple light in

250°C are expected in the model, this dependence can not ed out of the waveguide. Tapered fibers are brought to a few

overlooked. Although it is possible for the software to considerrﬁlcrons from the waveguide facet and are more easily aligned
. . . than bulky lenses.
conductivity that varies with temperature, the temperature trans-

formation technique first used by Kirchoff was found to be morﬁz] ;:12 ?r?s%rgtlg:loﬁiimC'rir;tnrl]serreuiveﬁ(:;margshhmeemaeajﬁirte'
rapid and efficient [14]. It requires the use of an auxiliary Va“duantum efficiency thgt is ever)./ ahsorbed photon genera%/es
able, the transformed temperatufedefined as . ’ :

P ed one hole-electron pair that contributes to the photocurrent. The

output coupling efficiencyr..; can be calculated by looking at

The temperature dependence of the effective absorption co-

T the ratio of change of the photocurrehand the output power
=T+ 1 o(T)dT (1) Louw as voltage is increased, using the following equation:
Jgo T
’ _ALout C)\
wheres is the thermal conductivity at any chosen reference lout = —— 7 70° )

temperaturely. The interest of this technique is that a trans-

formed temperature profilé(z, v, z) can then be computed The difference is taken between measurements at any pair of
using a constant conductiviey,, and later on converted backvalues of the voltage. The total optical power injected into the
to absolute temperature with the reciprocal transformation. TW&veguide is calculated as

technique requires making the approximation that all materials

composing the device can be described by the same exponent Ly=1 he + Lout L (3)

n. A value ofn = 1.4 was used, since it lies between the ex- eA Tlout

ponent measured for Inf (= 1.5) [10] and the value sug- The light inside the waveguide does not depend on voltage

gested by Adachi for the InGaAsP composing the active rediafy temperature. This approach allows us to disregard the input
(n = 1.375) [11]. The largest error on the thermal conductm%oup”ng loss

of any material induced by this assgmption s ?"W?‘YS less thanThe absorption coefficient was measured in the waveguide
3% in the temperature range considered, which is judged %(f'temperatures ranging from 10 to 22G and at voltages

ceptable. from O to 10 V and the results are illustrated in Fig. 3. The ab-

The primary input parameters of t'he model are_the volta 8rption depends strongly on temperature, especially between
applied to the attenuator and the optical power delivered to t 60—200°C. At low and moderate temperatures, absorption

device. The model also requires the heat sink temperature, | eases rapidly with voltage, as expected, whereas the absorp-

optical absorption in the waveguide (described in the next S&§6n becomes less dependent on voltage at high temperatures.
tion) and the thermal conductivity of all materials composing the

device. The thermal conductivities have been obtained from the
literature [12], [13]. Once all these secondary parameters are set,
any given combination of voltage and optical power determineln a series of experiments, the liquid-crystal technique has
a unigue photocurrent, which is a more convenient variable tharoved to be an efficient tool for measuring the temperature on
the input optical power as it can be readily measured. It is vettye surface of the device, and was used to assess the validity
instructive to study the influence of voltage and photocurrent afi the thermal model described in this article. This technique
the peak temperature found in the attenuator; thus, the modseés the transition between the nematic and isotropic phases of
was run under various combinations of voltage and photocuarliquid crystal, which occurs at a known temperature [15], [16].
rent, in order to produce temperature maps in the voltage-ctmthe nematic phase, all molecules are oriented along a common
rent plane. Once a maximum internal temperature is establistzeds, and the liquid crystal exhibits birefringence, whereas it has
to ensure the safe operation of the device, such maps can hedsuch property in its isotropic, true-liquid form. The transition

VI. LIQUID-CRYSTAL TECHNIQUE
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Fig. 3. Absorption in the waveguide as a function of voltage and temperature.
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Fig. 4. Schematic view of the setup used for liquid-crystal temperature
measurements.

can be observed with a microscope containing two crossed po-
larizing filters; a schematic view of the setup is shown in Fig. 4.

A hook-shaped probe tip attached to a micropositioner is used
to deposit a droplet of liquid crystal onto the device surface. The
sample is then heated past the transition temperature, where the
liquid crystal is less viscous and forms a thin uniform film. This
approach ensures that the liquid crystal remains on the device
top surface and stays clear of the waveguide facets and avoids
the difficulties of using chemical wetting agents [3]. The thin
film of liquid crystal has a thickness not exceeding:®, as
verified with a high-resolution optical microscope.

The device, covered with liquid crystal, rests on a holder

(b)

whose temperature is stabilized at3D. The electrode is con- Fig. 5. The measurements of the surface temperature using liquid crystals. In

tacted with an electrical probe and biased while laser light (§: 1845721 votage s appied, whie n (), e deice s iased and s
injected into the waveguide via a tapered fiber. In the case & pad. The ridge is in the center of the structure crossing the pad from top to
the integrated laser-modulator, there is no need for an exterbgifom; the pad is 22 m long.

light source. The device appears bright on a dark background in

the microscope, since the birefringent liquid crystal modifies theerature on the device surface is known to be the transition tem-
state of polarization of the light, which can then be transmittgeerature.

through the second polarizing filter. Where locally the tempera- Three different liquid-crystal mixtures were used (fabricated
ture exceeds the transition temperature, a dark spot is obsenmdylerck, Germany), with transition temperatures of 42, 58, and
as light polarization is unchanged by the isotropic liquid crystaB °C (designated K21, E7, and N4, respectively), to extend
in these regions. The voltage is kept constant while the opti¢the accessible temperature range. Fig. 5 shows a photograph
power in the waveguide is adjusted so that the dark spot is od-the attenuator pad covered with liquid crystal; a dark spot

duced to a minimal size; under these conditions, the peak tecan clearly be seen at the top edge of the pad where the light
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Fig. 6. Temperature profile in the cross-section of the device. The temperature
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Fig. 8. Peak temperature on the surface of the attenuator pad in a stand-alone
modulator. Both the liquid-crystal measurements (solid curves) and the model
predictions (dotted curves) are illustrated for comparison. The lines joining the
data points are only a guide to the eye.

perature map. When high photocurrents are reached, the tem-
perature increases very rapidly up to 220, after which no
absorption data is available. The rapid increase of temperature
with photocurrent and voltage is explained by the fact that, as
temperature rises to high levels, the absorption coefficient also
increases rapidly, causing all the light to be absorbed within a
short length of the waveguide. The heat is then generated in a
smaller volume, increasing further the local temperature. This
[M20-60 B 60-100 E100-140 [1140-180 0180-220 01220-260 | effect manifests itself as closely spaced isothermic lines in Fig. 7
at high photocurrents. To better understand this graph, note that
Fig. 7. Peak temperature in active region under the attenuator pad, adtahigh voltages (above 6 V), almost all the light is absorbed

function of voltage and photocurrent, in the stand-alone modulator. Isotherngiger the length of the attenuator, so that, at a wavelength of 1.56
line spacing is 40 C. The absorption measurements were limited to 220

so this is the maximum temperature predicted accurately by the model. 'P%En’ an optical power of 10.0 mW in the waveguide (not 'n_ the
peak temperature was computed at integer values of the photocurrent (ofider) corresponds to a photocurrent of 12.5 mA, assuming a
-, 17 mA) and half-integer values of the voltage (5, 5.5, 9.0 V). The  unity quantum efficiency.

jagged nature of the isotherms comes from the interpolation scheme used b ST
the plotting software. Mhe results of the liquid-crystal measurements are compared

to the model predictions in Fig. 8. The different curves give
enters. The highest optical power is found at this point, whiéne peak temperaturg found in the attenuator gf the stand-alone
modulator as a function of photocurrent, for discrete values of

corresponds to the point of highest temperature. tQ_e voltage. No fitting of the model parameters has been per-

The liquid-crystal technique presents several interesting 3 . .
S O i ormed to improve the agreement between modeling and ex-
vantages over similar methods. It is inexpensive, nondestructive .

. 7 "~ periment. The liquid-crystal measurements and the model pre-
and does not require any elaborate sample preparation; it is a[s

) . iclions for the surface temperature are in good agreement, ex-
very versatile and can be used on other optoelectronic compo- A :
. . . . 'tept for large values of the temperatuf (. > 60°). This
nents such as laser diodes. The spatial resolution of this tech: . T '
. . . : . . IS believed to be due to the finite dimensions of the elements
nigue is the microscope optical resolution, approximatebynl

Once the transition in the liquid crystal is identified, the tempe(r:—Omposmg the model: under high temperature and consequently

ature on the chip surface is estimated to be withfClof the very high absorption conditions, all the absorption of the light

. " S . occurs over a very short length of the waveguide, correspondin
nominal transition temperature, considering how precisely the Y 9 9 b 9

" . only to a small number of waveguide cells. The discrete na-
transition temperature is known and how accurately the trant3|- . .
L I ure of the finite-element model could then result in erroneous
tion in the liquid crystal can be observed.

predictions. To verify this assertion, the dimension of the cells
of the model was modified. It was found that the peak pre-
dicted temperature becomes dependent of the exact dimension
Fig. 6 shows a typical modeled temperature profile in thef the cells in high photocurrent and temperature conditions.
cross section of the modulator in the attenuator; the tempefide finite-element thermal model is thus quantitatively accu-
ture increase is confined inside the ridge, where all the heatae only up to moderate temperatures, where it is insensitive to
generated. Fig. 7 summarizes the results of the modeling wottke exact element dimensions. The model and the liquid-crystal
it shows the peak temperature found in the active region undechnique were used on both stand-alone modulators and inte-
the attenuator pad in an integrated laser-modulator for differegrated laser-modulators, to investigate the effect of the heat gen-
combinations of voltage and photocurrent, in the form of a temarated by the laser diode on the temperature in the attenuator.

VIl. RESULTS AND DISCUSSION
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components are presently being developed, such as optical
switches, laser arrays, etc., where thermal issues similar to the
ones described in this article could also arise. In this context,
the availability of techniques for temperature measurements

‘s 60 - s
g e A 0
é-so e
2 S A . -6V
—*—7V| |
-8V
——9V
0 5 10 15 20 1
Photocurrent [mA] (1]

Fig. 9. Peak temperatures measured with the liquid-crystal technique on thg2)
surface of attenuator pads in integrated and stand-alone modulators, illustrating
thermal crosstalk in the integrated device.

(3]

The peak surface temperature measured with the liquid crystal
technique on both stand-alone and integrated devices is showif
on Fig. 9, for various combinations of photocurrent and voltage.
At all voltages, the maximum temperature measured on the padb]
is significantly higher in the integrated device. Although the re-
sults are not shown, the same conclusion can be reached from
the modeling results. This is explained by direct conduction of [6]
heat from the laser to the modulator, which raises the modulator
internal temperature. This effect is also multiplied, as the op-
tical absorption in the waveguide then increases as a result of7]
the temperature rise. Thus, this constitutes a direct evidence of
thermal crosstalk in an integrated optoelectronic device, whergg;
the heat produced in one component of the device affects other
neighboring components. 9

VIIl. CONCLUSION [10]

The importance of thermal issues in optoelectronic devicef1]
has been stressed in this article. Thermal issues arising in an
optical MZ modulator were investigated with an experimental12]
technique using liquid crystals to measure the surface temper-
ature and an elaborate thermal model of the device. The expe[ft—
imental technique provided an efficient way of validating the
model predictions, which accurately calculated the temperaturié4]
in the modulator under a wide range of operating conditions[.15
The model and the technique also successfully demonstrated
that thermal crosstalk exists in integrated devices combining B8]
laser and a modulator. The data obtained from this work has im-
mediate uses in assessing what is the acceptable range of op-
erating conditions of the attenuator based on the accelerated

and thermal modeling is essential.
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the focus of this investigation was an optical modulator, the
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