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Abstract—Temperature dependencies of the threshold current, from the active region. Experiments [7] carried out within the
device slope efficiency, and heterobarrier electron leakage cur- range of injection current densities below 2 kAfrshows
rent from the active region of InGaAsP—InP multiquantum-well that carrier leakage current of 1,;8n MQW InGaAsP—InP

(MQW) lasers with different profiles of acceptor doping were S e
measured. We demonstrate that the temperature sensitivity of |2S€rs can be minimized by utilizing a p-doped SCH layer.

the device characteristics depends on the profile of p-doping, and  Since the leakage current affects interpgl and external
that the variance in the temperature behavior of the threshold device efficiency.x as well as the device threshold current

current and slope efficiency for lasers with different doping 1, it was important to study the temperature dependencies
profiles cannot be explained by the change of the measured valueof laser characteristicge; and Iy, together withly, value

of the leakage current with doping only. The entire experimental S o . - .
data can begqualitatively exma?ne% by);uggesting thatpdoping can Under high-injection current densities for devices with different

affect the value of electrostatic band profile deformation that af- Profiles of the p-doping in the vicinity of the active region.
fects temperature sensitivity of the output device characteristics.  In this letter, the temperature dependencies of the threshold

We show that doping of the p-cladding/SCH layer interface in current, device slope efficiency and heterobarrier electron
lgga'g‘rsgjgp gﬂrf%mﬁ;irs leads to improvement of the device |gakage current from the active region of InGaAsP—InP MQW
P P ‘ lasers with different profiles of acceptor doping were mea-
Index Terms—boping, electron emission, heterojunctions, non- sured under pulse injection within the temperature range of
linearities, optical losses, semiconductor lasers. 10 °C-80 °C and the range of injection current densities
up to 10 kA/cni. This level of the injection is close to
|. INTRODUCTION operating conditions of 1.3m MQW InGaAsP-InP buried

PTIMIZATION of the p-doping profile of 1.3:m heterostructure devices.
multiguantum-well (MQW) InGaAsP—-InP lasers is
an important problem of the design and manufacturing I
of low-cost transmitters for different telecommunication ] )
applications. Experimental and modeling results obtained by'Ve have fabricated and measured broad-area laser devices

different groups show that changes of acceptor concentrati§Rich incorporate an electron collector [6], [7] for leakage
within different regions of the laser structure significantijn@asurements with the cavity length of 506, mesa width
affect device characteristics. It was shown theoretical}f 20 #m, and collector area about pm x 5 nm. For

and experimentally that p-doping of the active region ippeasurements_ of the devu_:e slope efficiency, we used b_road—
strained MQW InGaAsP-InP lasers can be attributed @582 lasers with 6@m stripe width and the same cavity

a substantial increase in the differential gain leading 1§N9th. Lasers with three different p-doping profiles in the
greater maximum modulation frequency [1]-[3]. It was als¥iCinity of the active region were studied: with amdoped
predicted theoretically and shown experimentally [4]-[ -cladding/SCH interface, witmoderately Zn-dopeihterface

: S X 7 o3 i 8 om—3
that an increase of acceptor concentration in the p-claddifig® x 107 cm™*) and doped interfacg(1.5 x 10'* cm™).
layer adjacent to the active region in 1.8 bulk active Zn concentration at the SCH/active region interface was about
InGaAsP-InP lasers allows to minimize the voltage drojpolfgcm_g for the first type of devices and did not exceed10
at the p-cladding/SCH interface and to avoid a substantfdl for both latter types. The laser active region consists of

reduction of the barrier for thermionic emission of electrorfdin® 70A-thick quantum wells separated by 1@0barriers
and is surrounded by 508-separate confinement layers £
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0 Fig. 3. Measured heterobarrier leakage current versus injection current for
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the lasers with (a) undoped p-cladding/SCH interface and (b) doped SCH

Fig. 1. Dependencies of threshold current density on temperature for tthglon at 20°C (circles), 50°C (squares) and 80C (triangles).

lasers with different doping profiles: with undoped p-cladding/SCH interface
(dotted curves, circles), with moderately doped interface (solid lines, trianglashambiguously that optimization of the p-doping profile allows

and with doped SCH region (dashed lines, squares). to decrease the electron leakage current in INGaAsP—InP lasers
: [ by about one order of magnitude. However, the results of
moderately | the Ji. measurements cannot explain the difference in the de-
pendencies;.: (1) for devices with different doping profiles
: ) presented in Fig. 2. As shown in Fig. 3, the measured value of
0.8} : J1, does not exceed 4% of the total injection current densities
h even for devices with an undoped p-cladding/SCH interface
at 80°C. Taking into account that the collection efficiency of
leakage current density by the electron collector on the top
of the p-contact is at least 80% [6], we can estimate that the
P maximum possible contribution of the effect of heterobarrier
undoped leakage to the reduction of internal efficiency is about 5%.
For lasers with doped interface, the corresponding values are
027755 20 60 80 less than 1% at 80C. Comparison of the results presented in
Temperature (°C) Figs. 1 and 2 with Fig. 3 allows us to conclude that the rapid
increase of the threshold current and the decrease of efficiency

Fig. 2. Normalized slope efficiency as a function of temperature for lasers; _ ;
with three different doping profiles: with undoped p-cladding/SCH interfagéﬁth temperature for 1.3:m InGaAsP-InP MQW lasers with

(dotted curves, circles), with moderately doped interface (solid lines, triangled Undoped p-cladding/SCH interface cannot be explained by
and with doped SCH region (dashed lines, squares). the increase of leakage current. The qualitative understanding

of the results presented in Figs. 1-3 can be achieved in

current rapidly increases with temperature above€@0The the framework of the model of electrostatic band profile
temperature dependence .4f, for devices with a moderately deformation developed in [8], [9] for MQW InP based lasers.
doped p-cladding/SCH interface or with a doped interface areAt high injection, electrons can spill over into the SCH
characterized by one slope with typick) = 60 K. Thickness region from the QW’s, while holes remain localized within
of the cladding layers of the devices studied in this work wake QW. This separation of charges creates electrostatic band
0.65 1:m, almost twice thinner than necessary to avoid absonprofile deformation making the energy of the effective barrier
tion of the optical field by alloyed contacts. Thus the design ér conduction band larger, and that for valence band smaller
our lasers aimed at leakage measurements was not optimigethpared with the initial one. At elevated temperatures, hole
for maximum external efficiency. Measured at 20, the density within the SCH can increase leading to an increase in
value of n.x; for devices with moderately doped and dopefbss and recombination in the SCH, and as a result causing
p-doping/SCH interface was about 25% and for devices withe rise of the threshold current and the decrease of the
undoped interface 20%. Fig. 2 presents the results of measiglepe efficiency [8], [10]. The results of calculation of the
ments of temperature dependencies of external efficiency ##pendencies.,. (1) and [;,(T") carried out in the framework
devices with different doping profiles. We observed a strong the model of the electrostatic band profile deformation
dependence of.y;, temperature sensitivity on doping profile.appear to be in good agreement with measujgd(7’) and

The results of measurements of the heterobarrier carrigy(7) for MQW InGaAsP—InP lasers [10]. It was shown
leakage current/;, are presented in Fig. 3(a) and (b) fothat the rapid rise of the, with temperature within the
devices with undoped and doped interfaces correspondingiygion 40°C—-80 °C, which is a common phenomenon for
We used a purely electrical technique [4] to measure tluadoped lasers (Fig. 1), is caused mostly by the effect of
leakage of electrons from the active region of a InGaAsP—Ir@Rectrostatic band profile deformation and not by the increase
MQW laser. The obtained results in their entirety demonstratéth temperature of the intensity of Auger processes. The
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100 1,000 [y doping/SCH interface the contribution of the heterobarrier
S% undoped “‘ L t=20°C doped leakage ins does not exceed 0A~! even at 8C°C. We can
a e fhemma seae ] conclude that optimization of p-doping allows to minimize the
ag Yo 1‘"‘“. L L L L T T e——. . . . .
008, = {1 ogesf " 50°C {1 contribution of heterobarrier leakage effect into
. A:}; aiom t=20°C = ‘i‘ ““‘““AM‘*NM
> AA%% %%%&wggg‘é‘m ¥ Lt 80°c | [1l. CONCLUSION
rl- a ‘;—_ﬂ O, npﬁﬂ’rp -— L
096} |, "ipgudET e o 09961 1 We demonstrate that the temperature sensitivity of the
‘}%‘:ﬁm%m%“’ 80°C device characteristics depends on the profile of p-doping,
and that variance in the temperature behavior of the device
084 S 0.994 ;e thre_shold cu_rrent and slope efﬂmgncy for lasers with different
Infsction Current Density , (<Alor?) Injection Curent Densiy J, (Alem?) doping profiles cannot be explained by_the change of the
@ ) measured value of the leakage current with doping only. The
a

obtained experimental results can be qualitatively explained by
Fig. 4. Dependencies af — Ji,/J; versus injection current for the laserssuggesting that doping can affect the value of electrostatic band
with undoped p-cladding/SCH interface (a) and doped SCH region (b). - ofile deformation which affects temperature sensitivity of the

8{,Jtput device characteristics. We demonstrate that utilizing

elevated temperatures is supported by the results of spectr lp\-/(\j/olp ed p-(l:latzjdlrlg/S_CH Iaygr dmtgrfaie N In(tSaAsP—IfnP_
resolved measurements of the spontaneous emission froré asers eads 1o improved device temperature perior
SCH layer of 1.3:m InGaAsP—InP MQW lasers [11]. It wasmance even at 80C and high-injection current densities.
shown that above the threshold, in agreement with prediction
[8]-[10], the intensity of radiative recombination in SCH i
layer of 1.3um InGaAsP—InP MQW increases with the driv The au_thors 'Fhank V. B. Gorfinkel and M. S. Hybertsen for
current and this increase correlates quantitatively with t Ipful discussions.
decrease of the device slope efficiency.
To explain the difference in measured dependengigsT’)
and /., (T) for devices with different doping shown in Figs. 1 [1] T. Yamanaka, Y. Yoshikuni, K. Yokoyama, W. Lui, and S. Seki,

: B “Theoretical study on enhanced differential gain and extremely reduced
and 2 in the framework of t_he model [8] [10]’ we _ha\_/e t_O linewidth enhancement factor in quantum-well lasel&EE J. Quantum
assume that the doping profile affects the charge distribution Ejectron., vol. 29, pp. 1609-1616, 1993.

within the SCH, thus suppressing the influence of the banf#] F. Kano, T. Yamanaka, N. Yamamoto, H. Mawatari, Y. Tohmori, and

. . . . Y. Yoshikuni, “Linewidth enhancement factor in InGaAsP/InP modu-
bendlng effect on the device performance. The difference in lation doped strained multiple-quantum-well lasel&§EE J. Quantum

dependencies.,(T)andl;,(T') for devices with anoderately Electron.,vol. 30, pp. 533-537, 1994.
Zn-dopednterface anddoped interfaceean be also explained [3] I F. Lealman, D. M. Cooper, S. D. Perrin, and M. J. Harlow, Effect of Zn
by the difference in optical loss caused by the degree of doping on differential gain and damping of 1.5%n InGaAs/InGaAsP

- : . MQW lasers,Electron. Lett.,vol. 28, no. 11, pp. 1032-1034, 1992.
p-doping. Assumption about the suppression of the effect dfi] T.R. Chen, S. Margalit, U. Koren, K. L. Yu, L. Chiu, A. Hasson, and A.
the electrostatic band bending by incorporation of acceptors Yariv, “Direct observation of the carrier leakage in InGaAsP/InP laser,”

. . . Appl. Phys. Lett.yol. 42, pp. 1000-1002, 1983.
into SCH layer allows to understand the difference in defs) Rr.F. Kazarinov and M. R. Pinto, “Carrier transport in laser heterostruc-

pendencies/r.(.Jr) presented in Fig. 3(a) and (b) for devices _ tures,”IEEE J. Quantum Electronyol. 30, pp. 49-53, Jan. 1994.
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P - PSR 11] A. A. Bemussi, H. Temkin, R. A. Logan, and D. C. Coblentz, “The
Changte} O_f the device internal eﬁ_lc_lency with Injection CurrenE’ effect of barrier recombination on the high temperature performance of
heren;; is internal quantum efficiency at threshold. For 1.3 guaternary multi-quantum-well lasersippl. Phys. Lett.yol. 66, no. 1,

pm InGaAsP—-InP MQW buried heterostructure devices, the pp. 67-69, 1995.

. 21 . [12] L. Zhang and D. A. Ackerman, “Second- and third-order harmonic
common value of the is about 0.5A™" [12]. Our experiments distortion in DFB lasers,”IEEE J. Quantum Electron.yol. 31, pp.

show that for devices with moderately doped and doped p- 1974-1979, Nov. 1995.

conclusion [8] about accumulation of holes in the SCH layer

ACKNOWLEDGMENT

REFERENCES



