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Current injection efficiency of InGaAsN quantum-well lasers
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The concept of below-threshold and above-threshold current injection efficiency of quantum well
(QW) lasers is clarified. The analysis presented here is applied to the current injection efficiency of
1200 nm emitting InGaAs and 1300 nm emitting InGaAsN QW lasers. The role of heavy-hole
leakage in the InGaAsN QW lasers is shown to be significant in determining the device temperature
sensitivity. The current injection efficiency of QW lasers with large monomolecular recombination
processes is shown to be less temperature sensitive. Excellent agreement between theory and
experiment is obtained for both the 1200 nm emitting InGaAs QW and the 1300 nm emitting
INGaAsN QW lasers. Suppression of thermionic carrier escape processes in the InGaAsN QW
results in high performance 1300 nm emitting lasers operating up to high temperat@@)50
American Institute of PhysicfDOI: 10.1063/1.1852697

I. INTRODUCTION QW lasers will provide enlightenment to the understanding
of carrier leakage processes in InGaAsN QWs, despite its
The early InGaAsN quantum-welQW) lasers have significantly stronger electron confinement.
typically displayed very high threshold-current dengidy, The aim of this work is to identify and explain the be-
and anomalously higiy [1/To=(1/J,)d}/dT] values, pre-  havior of the carrier/current injection efficiencies in the
sumably due to the large monomolecular recombination 200 nm emitting InGaAs QW and 1300 nm emitting
present.” Recently, high-performance INGaASN quantum-|nGaAsN QW lasers. Here we will present a detailed
well lasers have been realized both by metalorganic Chemic%!nalysié7 of the below-threshold, at-threshold, and above-
vapor deposition and molecular beam epitenty. Unfortu- _threshold current injection efficiendyy;,) of single quantum
nately, theT, values of the high-performance 1300 nm emit-, o, lasers, taking into account the recombination in the QW,

ggg 1';(()32’?_51'2\1 ﬁ_lngl_e-lQW lasers grte or:!y _'ndtggocr)angerecombination in the barrierl€SCH), carrier transport, and
» »_which 1S low compared to optimize nm capture effect, and thermionic carrier escape effects. The

D aA : — 13-15
emitting InGaAs single Q\.N Iasc_al(§0 ZOQ K)'. analysis presented here is valid for any type of quantum-well
There have been studies, without taking into account car: 7 . . .
. X . laser." However, we will apply this analysis for the under-
rier leakage, which has suggested the existence of large Au-

L . .. _standing of the current injection efficiency of both the
ger recombination processes in the 1300 nm emlttmg:L200 it INGaA W d 1300 it
INnGaAsN QW laseré.From our studie$;*® we have shown nmemitting InGaAs QW an nm - emitiing

that carrier leakage cannot be neglected in InGaAsN QWnGaASN QW lasers. .Desigr).parameters for obtaining high
lasers due to the possibility of hole leakage out of the QW. 7nj and temperature msensyuv:gnj [i.e., largeT,y value,
In this work, the reduction off, and T, values of the L/Tin==(1/7nj)(dynj/dT)] will also be presented. The role
1300 nm emitting InGaAsN QW lasers, in comparison toOf nonradiative recombination in QW .Ia.ser.s in rel.a'qon to the
those of the 1200 nm emitting InGaAs QW lasers, has beef@bove- and .b.elow-thre.shold current_ injection efficiency W|II_
attributed to larger carrier/current leakage processes and S0 be clarified. We find that the higher temperature sensi-
more temperature sensitive material gain parantdbaspite  tivity of the 7, for InGaAsN QW lasers can be understood
the deeper well structure in the InGaAsN QW lasers, its exffom an increase in heavy-hole leakage, due to the smaller
perimentally measured above-threshold current injection effole confinement in the InGaAsN QW lasers. Excellent
ficiency (7,,;) reduces more rapidly with temperature com- agreement between theory and experiments is obtained for
pared to that of the 1200 nm InGaAs QW lastfihe strong  both the 1300 nm emitting InGaAsN QW and the 1200 nm
temperature dependence of the current injection efficiency ogmitting InGaAs QW lasers. Design analysis with larger-
InGaAsN QW lasers indicates there may exist significantlyoand gap barriers and multiquantum w@lQW) structures
increased thermionic emission of carriers out of the QW afor reduced sensitivity of current injection efficiency will
elevated temperatuf‘é.An improved understanding of the also be presented. Experiments on InGaAsN QW lasers with
carrier transport and current injection efficiency in InGaAsNlarge band gap GaAsP barriers, to suppress the thermionic
hole leakage, result in very low threshold current density at
dauthor to whom correspondence should be addressed; electronic maitlévated temperature. Utilizing GaAsP barriers in InGaAsN
tansu@lehigh.edu QW lasers also leads to the realization of InGaAsN QW
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lasers with temperature-insensitive slope efficiency at el- The current injection efficiency ) consists of the
evated temperature, confirming the predictions of our modeistructural current injection efficiency»i; syucurd @nd the
The concept of current injection efficiency in QW lasers current injection efficiency of the QW ow), Which can
will be discussed in Sec. Il. The theoretical model of thebe expressed as follows:
current injection efficiency of QW lasers will be derived in
Sec. lll. Once the parameters of interest for the current in-
jection efficiency model have been discussed in detail in Seavhere X represents the below-thresholgelowth), at-
IV, we will present the analysis of the thermionic carrier threshold(at th), or above-thresholdaboveth) conditions.
escape processes in InGaAs QW and InGaAsN QW lasers ifor the discussion presented here, g syycturelS assumed
Sec. V. Simulation results of the carrier transport and currenas constant for a limited temperature regime. This assump-
injection efficiencies of both 1200 nm emitting InGaAs andtion is typically very good for wide-stripe lasers with a stripe
1300 nm emitting InGaAsN QW lasers will be presented inwidth (w) of many times the diffusion length, as the lateral
Sec. VI. Impact of the carrier leakage on the lasing characeurrent spreading and diffusion in broad-area lasers are fixed
teristics of InGaAs and InGaAsN QW lasers will be pre-for a given structure. Thejy; sirucrure Wil @lso play a role in
sented in Sec. VII. Experiments to confirm the existence othe lasers which have poor interfaces outside of the QW-
carrier leakage and the importance of suppressing thermioniactive region or separate-confining heterostruct(8€H)
carrier escape processes in InGaAsN QW lasers with largbarrier regions, as the carrier losses at the poor interfaces in
band gap barrier materials will be presented in detail in Secthe cladding layers will lead to a reduction of thg; syucture
VIII. For broad-are@w=100 um) lasers with identical SCH struc-
tures[i.e., only the active regiondnGaAs QW or InGaAsN
QW) are changell the assumption of the constamt; siructure

Minj_X = 7inj_structure” 7inj_ QW X» (2

Il. CONCEPT OF CURRENT INJECTION EFFICIENCY should_be valid. Therefore_, for the_study presented here, the
o . 7inj ow IS the parameter of interest in most cases. Hhgow
A. Definitions and understanding will be analyzed both for the below- and above-threshold

The concept of the current injection efficiency of QW con_ditior_ls, at various temperatur€g) and qarrier concen-
lasers is often misunderstod?>*® The current injection trations in the QW(Nqy). From our analysis, we find that
efficiency of QW lasers has been typically assumed to be thi€ properties of both the below-threshold and above-
same for the cases of below-threshold, at-threshold, anttrésholdzy; qw are very distinct for the 1200 nm InGaAs
above-threshold conditions. The conventional approach if"d the 1300 nm InGaAsN QW lasers, with similar SCH
extracting the current injection efficiency of QW lasers is byStructures.
utilizing a multiple cavity length stud{?>*As pointed out N
by Smowton and Blod for the case of visible-wavelength B- The below-and at-threshold conditions
InGaP QW lasers, the at-thresholincluding below- The threshold current density of semiconductor lasers

threshold and above-threshold current injection efficiency can be expressed as functions of the physical parameters as
can have very distinct values. In general, the at-threshold ang|iows:

above-threshold current injection efficiency of QW lasers are
conceptually very differerftt?® Typically the current injec- Iy = Ju . [<a+ (1/L)In(1/R)>, 3)
tion efficiency of a properly designed double heterostructure 7inj_at threshold I'dos

laser is similar for both the above and at-threshold Cond"with 34 7 atitveshold Gosr @Nd @, @S transparency current

tions. Howr?ver, "’:13 thﬁ (?lmensmnallty ﬁf thﬁ E;Ct've region yensity, at-threshold current injection efficiency, material
r_educe(_j,_t e at-thres Od. and ak_)ove-t reshold current N€Gain parameters, and internal loss, respectively. The mirror
tion efficiency of the active region cannot be assumed ag o , (L) is expressed ag1/L)In(1/R). The below-
similar. m '
L . . threshold(7iy ow belowth) @and at-threshold 7y ow ) current

_The current |nJe§:t|on eff'C'e.n.Cyni“J) of QW lasers is injection efficiency of QW lasers represent the fraction of the
defined as the fraction of the injected current that reCOMyiocteq current which recombines in the QW-active region,
bines, both radiatively and nonradiatively, in the QW-activeofq e the |aser reaches the lasing threshold condition. These

region of the Iasgr. The cur_rgnt Injection efﬂqer(oynj) IS values depend on the details of the structure, carrier density,
distinct from the internal efficiencys;), as the internal effi- and temperature

ciency is defined as the fraction of the injected current that
recombines radiatively in the QW-active regithiThe rela- C. The above-threshold condition

tionship between the internal efficiency and the current in-
jection efficiency can be written as follows: The output power of semiconductor lasers can be ex-

pressed as a function of the physical parameters as follows:
% = Minj * MQuantumEfficiencys (1) E
in which the 7ouantumeticiency (FRrad! Rota) is defined as the Poutput= it ext” (3= Jin) - A+ =2, (4)
fraction of the total recombination in QWR=Rag q
+Ryonrad that recombine radiativel§R,,9). The nonradiative  with the J, Ji, 74i exe @NdA as the injected and threshold
recombination in QWR,,n.rad May consist of recombination current density, external differential efficiency, and area of
through monomolecular or Auger processes. the laser stripe, respectively. TEg andq correspond to the
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photon energy of the lasing wavelength and the electron Iscy o
charge, respectively. The external differential efficiency S—f- Ty dectron
(m4itr exy) CaN be expressed as

—_—
rltcap_QW_electron

e_electro

(5 \/

n-cladding 1/t

am(L)
a; + am(L) .

Mdiff_ext = inj_aboveth *

The 7inj avovern 1S the differential fraction of the injected cur-
rent that recombines in the QW, after the lasing phenomens
occurs. The modal gain is clamped in the QW at threshold
and above threshold, but this does not necessarily lead to ful .
clamping of carriers in the QW or SCH regions above /"\1/,[
threshold'®*** The 7, anovern Can be very different from e_hole
the at-threshold current injection efficiency, as a result of the Teap_QW_hotd
full or partial clamping phenomena of carriers in the QW Trhote  <mmm—
above threshold. It is important to clarify that from conven- Iscn
tional length studies, a measurementigfi o for various
cavity-length devices will only result in the extraction of

7inj_aboveth aNd & (i.e., not 77inj_be|ow_th)-

1, 1Tow toal

p-cladding

FIG. 1. Schematic of the single-QW lasers used in the model for current
injection efficiency.

dS_I" - vq-g(Now) 'S_§+F',3'NQW
IIl. MODEL OF CURRENT INJECTION EFFICIENCY dt (1+e-9 Ty Towrad

(8)

In modeling the current injection efficiency, the param-Wwhere 7, is the total carrier capture time from the SCH/
eter of interest is the current injection efficiency of the QW-barrier to QW,mqy a4 is the radiative recombination lifetime
active region(z,,; ow). Any fraction of current/carrier loss in the QW, 7oy nonraq iS the monomolecular and Auger non-
from poor interfaces in the cladding layers or lateral currentadiative recombination lifetime in the QW, is the carrier
diffusion from the contact region will be accounted for in the thermionic emission escape time from the QW to the barrier
T swucwre Therefore, the injected current into the SCH region, 7, is the total recombination lifetime of the carriers in
(Iscr) will be equivalent to7y sructure(=lsch o) times the  the barrier/SCH regiong, is the photon lifetimeVoy is the
total injected currentl,yy) into the laser device. Thie,  Vvolume of the QW\Vscy is the volume of the barrier/SCH
consists of a combination of the injected current from theregion,I' is the transverse optical confinement factey,is
n-cladding(lsc ) and thep-cladding(Iscy ) layers. the group velocity of the modeg(Nqw) is the peak gain

To realize a physically intuitive model of the current provided by the carriers in the QV¥, is the intrinsic gain
injection efficiency of the QW-active region, without having compression factor, and is the spontaneous emission cou-
to utilize a complex numerical solution of the problem, wepling to the lasing mode. An illustration of the transverse
utilize a three-level rate equation mod&he model that we ~ direction of the laser is shown in Fig. 1. Although the rate
employ here consists of the rate equations for the carriequation treatment presented here ignores the fact that the
density in the QW-active regiofNqw), carrier density in the electron and holes are injected from different cladding re-
SCH-barrier region(Ng), and the photon densit¢S). The  gions, a more in-depth analysis taking account this fact has
variation in the carrier density along the length of the activeyielded essentially similar result for studies concerning the
region has been neglected, as the variation in the longitudin&lynamics of high speed lasérs>**°Even though the analy-
direction for QW lasers is not significant for lasers with facetsis of interest here will be utilized to analyze only the case of
reflectivity larger than 2098 The carrier density variation in  Single QW lasers, this analysis can be easily extended for the
the lateral direction is also negligible, as the stripe width iscase of multiple QW lasers, as will be discussed later.
many times the diffusion length. Both the radiative and the nonradiative recombination

The three rate equa’[ions for carrier density and photorﬁ)rocesses in the QW are important factors in determining the
density in electrically injected QW lasers can be expressed dgmperature sensitivity of they, ow. The total recombina-

follows: tion lifetime in the QW (7o o) Can be expressed as
1/ 7w tota= 1/ Tow rad*t 1/ Tow nonra¢ Th€ photon lifetimer,
dNow _ Ng - (Ve/Vow) 1 1 is the inverse of the total cavity loss rate, which can be
at - - "\ - expressed as followsr,=1/[vy(a;+ay)]. The 1/r, value
bw QW.rad  *QW.nonrad represents the thermionic escape rate of carriers from the
1 vy - 9(Now) - S QW into the barriers. A larger carrier escape rate from QW
b= ) - Za 90w -5 ® 5 iers | i i
Te (1+&-9 will also lead to overflow of carriers in the barrier/SCH re

gion. In our analysis, both the electron and hole thermionic
escape time will be calculated, which will be elaborated on
dNg - Isch _ N - (l + i) + Now - (VQW/VB) 7) later.
dt  qgVs B To  Thw Te ' The 7y (ZTeapow™ 7), in general, consists of the quan-
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tum mechgnical capture time into the QW.,,ow) and N _ng_ N 1+ 1 . vg-9(Now) - S
transport time from the edge of the SCH to the QW). B™ Tbw’ -y, QW \ . " . 1+¢-S |
. . B e QW total

Nagarajan and co-workérshave shown that, dominates to (10)
Teapow fOr typical QW lasers, both theoretically and experi-

mentally, in the carrier capture process from barriers into

) . 1 T-vyy-9g(N ' B-N
QW. The typical 7.apow Will range from 0.3 to 0.5 ps for 1 _Ivg-9Now , I 8- Now (11)

QW lasers’® which is significantly smaller than the typical p 1+e-S QW total* S

transport time of holegr, ~5-6 p3 in QW laser$>*>?’In  The total recombination current in the QWhy tora) CanN be
our analysis here, only the will be considered in ther,,,  expressed as g tota=Now:Vow a/ Tow ot BY  relating
though 7.4, 0w Can be incorporated as needed into the equakgs.(9) and(10), the relation of thdgcy to thel gy tora CaN

tion without any loss in generality. be obtained as follows:

In the analysis here, only the steady-sta@e conditions - - |
are of interest. By taking the time derivative of E¢8)—(8) lschn=low total [1 + (1 + M)
to be zero, the following conditions can be achieved as fol- b Te
lows: + Tow * TQw total Vg 9(Now) .S}. (12

Now l+e-S
The current injection efficiency of the QW for below-
IS&" - NBVB . (i + i) - M, (9) threshold and at'thresh‘:)(dﬁnj_QW_beIow_th:IQW_totaI/ISCH) can
To  Thw Te be expressed as follows:
! 13
7inj_QW_below th = -
- QW-belowt Thw TQW total TQW total Vg - g(NQW) )
1+ 1+ + Tow .
Th Te Now 1+¢-S

For the below-threshold and at-threshold condition, the phosity in QW). The expression faNq 1, can be extracted from
ton density(S) in the cavity is typically minimal; thus the the semilogarithmic expression of the gain versus the carrier
last term in the denominator of E¢L3) can be neglected in  density given byg(Now) =don- IN(Now/Now «), calculated at
the below-threshold and at-threshold calculation, resulting inhreshold forI"-g(Ngw 1) =¢;+(1/L)In(1/R). The value of
a simpler form as follows: the Now « is the carrier density required in the QW to reach
transparency. TypicalNqw  Vvalues of interest for the
1 _ 1200 nm emitting InGaAs and the 1300 nm emitting
14 Tow (1 L+ Tow totaI)J InGaAsN QW lasers range from><2.1_018 to 4% 1_0_18 cm s,
The above-threshold current-injection efficiency of the

(14) QwW (ﬂinj_Qw_above__th) is'the fraction of thd ¢y apove thresh-

old that recombines in the QW, after the lasing phenomena
Equation(14) derived here is the general equation for currentoccurs. For the above threshold analysis, the expression for
injection efficiency for the below- and at-threshold condi-the 7, qw is very distinct compared to the below threshold
tions. An analogous equation has also been derived by N&onditions. Once the lasing phenomena occurs, the clamping
garajan and co-workets for the special case of below- of the modal gain to the total cavity loss will lead to partial
threshold internal efficiency without any nonradiative or full clamping of the carriers in the QW:>*%The above-
processes(1/7ow nonras— 0). All the parametersmn,, 7,  threshold partial-clamping phenomena of carriers in the
Tow totar @Nd 7, @re functions of the carrier density in the QW QW?8 can be a result of carrier heating or a variation in the
and temperature, specific to each QW-active region unddateral mode profile. This partial clamping phenomenon typi-
study. A large thermionic carrier escape rate will lead to acally leads to an unclamping rate of approximately 8%—-10%
reduction in 7, and 7,, which will in turn lead to severe in QW lasers’
degradation of thegn ow belowh @Nd 7in ow atth- The carrier To distinguish the threshold and above threshold condi-
density in the barrier regio(Ng) is related to théNg,, from tions, the following definitions are madkscy, is defined as
Eqg. (10), with the contribution from theS term being ne- the total injected current into the SCH region at the threshold
glected in the below-threshold and at-threshold conditionscondition, andlq 1 is defined as the total injected current
The at-threshold solution ofj, ow atth IS the same as the that recombines in the QW at threshold. The relation of
expression in Eq(14), only with the expression calculated threshold current density,) of QW lasers to théscy s, and
for the specific case algyw=Nqw i (threshold carrier den- oy 1, can be expressed as follows:

ﬂinj_Qw_below_th_&_at_th(s—> 0) = {

Th Te
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The analysis here shows that the at-threshold and above-

WL 7 stuctre. W+ L - 7 strusture 77inj_QW_th, threshold current injection eff|C|_er_1cy of QW.Iasers are quite
different from one another, explicitly shown in Eq$4) and

(15 (18). The 7y ow atth Will be severely reduced, compared to

with w andL corresponding to the cross-sectional width andthe 7linj_QW_aboveths for the case of the QW_Ias_ers Wi_th large
length of the devices. Thiscy, can be related to thigyy therm_mmc carrier escape rate/ 7). Thermlomc carrier es-
(=Now-Vow/ Tow_tot) bY utilizing the relation in Eq(15) cape is significant for the QW lasers with poor carrier con-
and the expression of they,; ow i from Eq. (14). finement, reflected by a smallE; or AE,. Only for the case

In realizing the model fohz; ow abovet ONE should re- in w_hi_ch the thermionic carrier Ie_akage of a QW Iaser_ is
visit Egs.(9)<(11) again, and apply a differential increase in N€gligible (1/7,—0) and full clamping occurs for the carri-
the sy above threshold. The stimulated emission injectec®™s N QW (Aqw—0), are 7inj qw.atin aNd 7inj Qw_avovetn
current into the SCH region is defined #seys (Slsoy  Tound to be similar.
=lschum). By allowing the possibility of partial and full
clamping of the carriers in the QW, rearranging E@.and  IV. PARAMETERS OF INTEREST FOR MODELING
(10) will result in the expression fokgcy s as follows:

IscHth _ low th

Jih=

A. Parameters of interest

_Ischst In realizing the current injection efficiency model, we
7inj_structure have taken the parameters of interest from various sources.
=(J=Jy) WL The parameters of interest here mplude the bqrrler-QW cap-
ture time(m,,), the thermionic carrier escape tinfe,), the
VQW_(l_'_Tﬂv) q- (ﬁ) recombination Iifgtirne in the barriergy), and-in the QW _
T (Tow)- The description of the parameters of interest here is

the current injection efficiency for any QW lasers in general.
The parameters utilized for the case of InGaAs QW and
(16) INGaAsN QW lasers will be discussed further in Sec. V.

1—AQW.{<1+M_<1+M) _B_(Tﬂv_,_l

)J ' intended to serve as a guideline in modeling and designing
b Te b

with Aq\y defined as the relative increase or unclamping rate . .
of the carrier in the QW, which can be expresseddgg, B- The barrier-well capture time ()

=A(NowVow/ Tqw tota)/ Allsci/ @) For the case of the full The barrier-well capture time consists of the carrier
clamping of the carriers in the QW will be zero. Since transport time (r,) and the quantum-capture time
B typically ranges from 0.001 to 0.01, much smaller than TcapQw)-23’25’27The Teapow has been neglected in the analy-
unity, the 1/r, can be assumed as equal to total cavity 10S;ig here due to the dominant contribution fromin the
ratevgl a; + am(L)]. Tow- 2> The Teapow term can be easily included, if neces-
The total lasing output power of QW laseupud CaN  sary, by utilizing 7,= 7+ Teapow- AS a result of very large
be expressed as a function of the photon density in the cavityjectric field in the SCH region, the transport of carrier trans-
(S), the energy of the photo(E,), the total photon escape ot from the SCH to the QW follows the ambipolar carrier
rate (vq-am), and the effective volume of the optical mode anspor>2” The analyticalr, for SCH structures with sym-

_ 20 . ; ; e
(Vopiica™ Vow/T'),” with the following relationship: metric confinement regioft;?’ with 2L as the total width
Poupu= EpS+ (Vou/T) - vg - . (17) ]E)(;‘”t:v(?ISCH, has been shown to have a rather simple form as
From rearranging Egs4), (5), (14), (16), and (17), the 1 L2 L2 4
above-threshold current injection efficient¥in ow anoveth) == ( S, S >: Tr.holes™ 7r.electrons (19)
can be expressed as follows: 2 \2:D, 2-D, 2
- The distancel is the undoped region of the confinement
1-Agw- (—— -(1+ﬂv)> region, measured from the QW to the edge of the doped-
Thini, QW aboveth = 7Tinj QW atth b , cladding region. For the case in which the confining region is
T 1 + Tow doped, only the undoped confining region should be included
T in the L?° For all our lasers modeled here, we utilize the

(18) GaAs-confining region. The diffusion coefficient for elec-
trons(D,,) and holegD,) can be calculated from the Einstein

where 7, ow attn depends on they, 7, Tow, and 7,. For  relationD,=(kgT/Q)u, and Dy=(kgT/q) wp, With kg, T, wp,
the case of full clamping of carriers in the QW, the w,, corresponding to Boltzmann constant, temperature, elec-
7inj Qw_aboveth Will reduce to the simple form of X1  tron mobility, and hole mobility, respectively. The uninten-
+ 7w/ 7). Typical unclamping rates for carriers in the QW tional background doping of the SCH region will affect the
(Aqw) are approximately 8%—12%8.The thermionic carrier carrier mobility, which will in turn affect the carrier diffusion
leakage at high temperature also plays significant role, espeoefficient. The background doping of metalorganic chemi-
cially in reducing the», qw atitn @and increasing the I,  cal vapor depositioiMOCVD)-grown undoped GaAs layer
which will in turn lead to a reduction inzi,j ow aboveth: is typically slightly n doped, with doping level ranging from
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6 7 —3 H i —_
I<_)W—101 to Iovy—llo1 cm _.dependlng on the grO\_/vth _condl- 1/'t:e_e|m"m—1/1:%_8]“"0"_1+1/'r,"m_electmn_2
tions. The majority mobility of electrons and minority mo-
bility of holes in n-GaA;, athS:OSOO K, can be calculated 1/Tee_electmn_ i 1/1;%_electl_ml_2
from the following equation&®
7200
= CI'TTZ/V S,
HinGansso0 K [1+(5.51x 1071 - NI Barrier AE,
(20) ;
QW
= 380 cm?/V s m
Hp.Gansa00 K711 1 317 107 - NgJ0250 ’ , tAEv
(21) 1/Tee_hole_l g > 1/Tee_hole_Z
with Ny corresponding to the background doping of the do- 1/‘t:e_hole=1/’!.7“_,‘0”_1+l/’cee_hole_2

nors in units of cm®, respectively.
The temperature dependence of the carrier transport tim@a. 2. Schematic of the thermionic carrier leakage processes for QW-

(7,) is a result of the temperature dependence of the carrigictive region.

diffusion coefficient and carrier mobility. For the treatment

of the temperature dependence of electron and hole mobilityedistribute to maintain the emission of the carriers from the

we follow the expression presented by $z&he tempera- edge of the QW to the barrier region. By utilizing these

ture dependence of the electron and hole carrier mobility irassumptions, the net thermionic current depends only on the

GaAs can be expressed as follofis* carrier density in the QWNqy), lattice temperaturdT),
300 )21 thickness of QWL,), and the barrier height.
Hn caad T) = tn Gaas300 K(W) , (22 The thermionic current leakage, from the edge of a
(K) single QW to one side of the SCHg, is related to the
300 \21 thermionic emission carrier lifetime to one side of the SCH
Mp Gand T) = Hp Gans300 K * (m) (23)  Teei as follows:
Jee_i = NquNQW/Tee_i- (24)
o ) _ in whichi,N,q,L,,Nqw, represent the type of carriefslec-
C. Thermionic carrier escape time  (7e) trons or holel the number of QWs, the charge of the elec-

The thermionic carrier lifetimér,) in QW lasers is an tron, the thickness of QW, and the carrier density in QW,
important factor in determining the below-threshold, the at-respectively. It is important to note that the thermionic leak-
threshold, and the above-threshold current injection effiage current here is not the same as the total current leakage
ciency of QW(7,; ow) lasers, as reflected in Eqd3), (14), In QW laser devices, as the leaked carriers into the SCH
and (18). A large thermionic lifetime of the carriers in the region will have the probability of being recaptured back and
QW indicates a minimal escape rate of the carriers from théecombine in the QW?2>****The relationships of the total
QW to the SCH>%*23\inimal thermionic carrier escape threshold current density and the current injection efficiency
rate out of the QW will lead to an increase if), qw and a  With the thermionic carrier lifetime are more complex, and
reduction in the temperature sensitivity gf; QW._The con- areinterrelated by the total recombination lifetime in the QW
ventional method to express the thermionic lifetime is based@nd _barrier regions and carrier capture time into the
on the model by Schneidet al,* which utilizes the bulk ~ QWZ>?>****The thermionic leakage curred; has been
three-dimensiona(BD) density of StateSDOS) and a Simp|e described in Refs. 29 and 31-35 with the standard thermi-
parabolic band model. Unfortunately, this modeéias been ©nic emission theory as follows:
shown to be insufficient to explain experimefitand has a CAmq-(keT? F< Ey - |:i>
tendency to significantly overestimate the hole lifetime and ~ Jeei = e m - e ;
to underestimate the electron lifetifieThe thermionic life-
time model that we employ in this stu%ﬁfs is based on the where mI E,i, andF,; are the effective masses of the elec-
model proposed by Irikawat al,* that has been applied to trons or holes in the QW, the effective barriers, and the
study 1500 nm InG@l)As/InP QW lasers. quasi-Fermi levels for the electrons or holes in QW, respec-

The distinction of the total thermionic carrier leakage tively. The constant&g and h represent the Boltzmann and
with the leakage from QW to one side of SCH is shown inPlanck constant, respectively. The carrier density in the QW
Fig. 2. The derivation of the thermionic current leakage preds calculated by taking into consideration the 2D DOS of the
sented here follows the treatment of thermionic emissiorstrained-QW, strain effects in band gap of the QW, and the
theory by Beth&® and Sz€* with the following assumptions: Fermi-Dirac statisticd” The thermionic escape lifetime
(1) the carriers in the QW are under thermal equilibri®),  (7.e;) can be extracted by relating the thermionic leakage
the net current flow does not affect this equilibrium, 480 current(Jee;) and the carrier density in the QWWgy), with
the barrier height is much larger than the thermal energyppropriate consideration of the structure. The total current
(kgT). Under these assumptions, carriers inside the QW willeakage from the single quantum wéBQW) to both sides

Downloaded 20 Jul 2011 to 128.180.137.141. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



054502-7 N. Tansu and L. J. Mawst J. Appl. Phys. 97, 054502 (2005)

of the SCH, contributed by carriér(electrons or holes is 63-A In, ;Ga, 5/As - GaAs 63-A Ing ;3Gay 57AS) 9939No 0062 - GaAS
Jei=Jeei rightT Jeei left- The total thermionic escape lifetime K
of carrier i (7,;) can be expressed as @/=1/7; right
+1/Teqi 1o FOr the case of symmetrical barriet3ue; rign L R i PR srmev - ||| 451 mev
=Jeci left), the expression I j=2/7¢; will be obtained. ST I

The total thermionic carrier escape time of QW lasers
(7o) can be expressed as functions of the thermionic escape ‘!
i 1 75meV - —f - -4 -
time of electrons and holes as follows: 71# 1/ gjectron Z 953 meV v
+1/7. holes The escape phenomenon is dominated by the es- 1, 14 mev l ' 874 meV
cape rate of the carriers with the fastest escape time. Once ,, ., mev‘: F=o972 4 165 mev Bh12mev
th_e carriers have escaped, the carriers in the QW ant_j SCHy 115 meve [~~~ I hh 47 mevr -1 - -F - 99 mev
will redistribute themselves to maintain charge neutrality in

. . o (a) (b)

QW and SCH attributed to the high mobility of the

iers2325 _ ,
carriers. FIG. 3. Band lineup for conduction and valence bands(af:1190 nm

INg4G& sAs QW and (b) 1295 nm 1R 4858 5ASo 993dNo.oos2 QW lasers,

D. Recombination in the QW region  (7ow) with GaAs barriers.

The recombination of carriers in the QW has been well
studied">?? The recombination mechanisms in the QW-content (~40%) and minimum N content(~0.5%)
active material typically consists of the monomolecuay,  INGaAgN) QW is utilized to achieve high performance
bimolecular (B), and Auger(C) recombination processes =1190—1300 nm emitting lasers with GaAs as the direct bar-
with the bimolecular-recombination process leading to optifier to the QW. Large band-gap //G& »eAs layers are uti-
cal gain in the material. The radiative recombination ratelized as then- andp-cladding layers, to ensure minimal car-
(1/7ow rad Can be expressed as by raq=BowNow, With rier Ieakag_e from the SCH region to cladding Iaye_rs.
Bow defined as the bimolecular recombination coefficient of ~ The existence of the small N contet0.5-29% in the
the QW-active material. The nonradiative recombination ratdnGaAsN QW mainly affects the conduction band, which
(1/7ow nonrad Can be expressed as follows: 7y nonrad allows for the approximation of many o_f the material param-
=Aqw* CowNaw, With Ay and Cqy corresponding to the eters of the IGaAs N, QW with those of the
monomolecular- and Auger-recombination coefficient of/nxGai,As QW."" The compilation of the parameters used
QW-active material, respectively. The total recombinationhere follows the treatment in Refs. 37 and 38 for the effec-

rate in the QW is then defined as y wo=1/Tow rad tive masses of the electrons, band-gap energy, and conduc-
) ) tion (AE.) and valencé€AE,) band offsets.

We determine the appropriate band-offset values by fit-
E. Recombination in the barrier region  (7,) ting the theory with the measured values from the experi-
L . i ._ments. The conduction-band-offset rati@.=AE./AE,) for
T_he recombination processes in the bar_rler/SCH reglori’ﬁighly strainedIn>20%) InGaAs—GaAs materials has been
consist mostly of the monomolecular and bimolecular proi§reolicteol to be in the range 60%—628213%920; the case

+1/ TQW non ract

cesses. Typically Auger recombination can be neglected f the InGaAsN QW, experimental studie€show thaiQ, is

the analysis for the SCH region, due to the larger band gap ;
. . R . - as high as 77%—-80% for the case
the barrier material and the significantly lower carrier dens'tyAddit?onaI receont wo(;ﬁ has also d?hfﬁz)f?ﬁ;%geg;(ﬂp%?ilr;en-

in the barrier compared to that in the QW region. Thean tally the reduction in the valence band offsgiE,) in

then be .expressed as7#Ag+BgNg, With Ag and Bg CO-  |hGaAsN QW as a result of N incorporation into InGaAs
responc!mg' o thg . monomole'cular- and b.|molecular-QW' We found very good agreement in emission wavelength
r_ecomblnatlon _coefﬂmemt .Of barrler/SCH_ mate_rlal, reSpeC-and QW composition between theory and experiment with
tively. The'carner Qen§|ty in the SCH regidNp) is related Q. values of 65%, and 82% for 63 A JnGa, sAs QW, and

to the carrier density in the QWNgy), from Eq. (10). For 63 A 1Ny 4858 5AS0 603N o 0052 QW, reépectiVer. The com-

analysis of the near-threshold condition, the photon densit ositions, the QW thickness, and the emission wavelengths
(S can be assumed to be zero. As the thermionic carrie>€f both7 the 60 A |fa4&36b As OW and 60A
escape rate increasely 7.), the overflow of the carrier in the INo 4G ¢ASo,50dNo.005 QW are measured experimentzﬂﬁ/.
SCH region will be significant, which will in turn lead to an The m' for InGaAs QW and InGaAsN QW here are calcu-
increase in the recombination current in the SCH region s aes 0.04M, and 0.068n,, respectively, withm, as mass
(I=NgVg/ ). of electron. Them, for both InGaAs and InGaAsN QW
utilized in calculation is 0.45%,. Due to the large strain of
the InGaAs and InGaAsN QW, the hole band structure con-
sists of only heavy-holénhh) subbands in the 2D states, with
In this study* the 7.; values are analyzed for the case light-hole (Ih) states having bulk-likeg3D) properties. As
of the 1190 nm emitting InGaAs QW and 1300 nm emitting shown in Table |, we found there exists very good agreement
INnGaAsN QW lasers. These 1190—-1300 nm INnGAIDW  between the theory and experiments wih values of ap-
lasers, shown schematically in Fig. 3, are similar to the laserproximately 65%, and 82% for §nGaAs QW, and
that we have published previoué‘l?,in which a very high In Ing 4458 572509938\ 0 0062 QW, respectively.

V. THERMIONIC CARRIER ESCAPE TIMES FOR THE
InGaAs (N) QW
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. - - . - T T T T T T T
TABLE |. Parameters of InGaAs-QW and InGaAsN-QW laser structures 1000 E \.\,":’ektm 63A In, o Gag 5y AS QW)
INGaASN) QW tow (B)  In(%) N (%) A (um) AEJ/AE, N7 T=300 K
i _ I SN~ T=30K
Experimentd 60 40 0 1.185 — ) K Pt
60 40 0.5 1.295 — & "
- 100 F N,
Theory 63 43 0 1.19 0.65/0.35 | .. :
63 43 0.62 1.295  0.82/0.18 PS [ . \‘.\
°See Ref. 1. [
By utilizing the parameters listed in Refs. 33-42 and 10 ‘

Fig. 3, the thermionic escape lifetimg,; can be calculated
for electrons and holes for both InGaAs and InGaAsN QWs,
as shown in Fig. 4. For the case of an InGaAs QW, the
(~50-160 ps of electrons is comparable to that
(~55-60 p$ of heavy holes, for typical threshold carrier
density of interestNgy~ 1.5—4x 10" cm™3). In the case of
an InGaAsN QW, ther., of the heavy hole is significantly
smaller thanr of the electron. The electrons are very well
confined in the InGaAsN QW, as indicated by the largge
(~40-100 n§ of the electron for typical threshold condi-
tions. This larger. of electrons in InGaAsN QW is ex-
pected, owing to its large conduction band off§&E.
~450 meVj. On the other hand, the heavy hole is very

poorly confined due to the large disparity of thé, and 63-A Iny ;3Gay 57AS(.9935N0.002 QW =
AE,. The small valence band offsé\E,~99 me\) in 2 e ——— =
INnGaAsN QW results in a picosecond rangg of approxi- NQW (108 cm™3)

mately 5—6 ps, for typical threshold conditions. Due to the

significantly smallerr,, of the hole in the InGaAsN QW, the (b)

heavy-hole leakage is the dominant leakage mechanism for
the InGaAsN QW. Severe thermionic carrier leakage leads t6'C: 5 The electron and hole thermionic escape time of @@€1190 nm

. . L . . InGaAs QW andb) 1295 nm InGaAsN QW lasers with GaAs barriers, as
a reduction in the current injection efficiency at . ions ofN~. and temperature.
threshold”>?>* which is distinct from the above-threshold o
7y and will in turn lead to an increase in the threshold
current density of the QW laser.

The thermionic carrier escape lifetimes for the InGaAs
and InGaAsN QWs are shown in Figgaband 5b), respec-
tively. At elevated temperaturd =360 K), 7., of the heavy
hole reduces to only 3 ps, as shown in Fig&)%and 6. In
the case of the InGaAs QW, the lowest is approximately
21 ps at an elevated temperature of 360 K. The sever,

heavy-hole leakage at elevated temperature for InGaAsN
QW lasers serves as one of the contributing factors that leads
to the highly temperature sensiti(& ~ 70—90 K) threshold
current of high-performance 1300 nm InGaAsN QW lasers.
Although the hole-leakage processes may dominate the high
temperature sensitivity of InGaAsN QW lasers, Auger re-
combination and other processes in the InGaAsN QW cannot
Be ruled out as contributing factors.

10-6 ! ! ! ! ! 8 T T T T T
T=300K
107 | ——— T InGaAsN QW - GaAs barrier
B N=1x10%cm™
- 108 ~ 40-100 ns N=3x10%cm
8 e-InGaAs e-InGaAsN ’;? € r ’ N=6x10%cm™ 7
5_’: 10° ¢ 50-160 ps 7 g 5 N=1x10"cm™
g g <7 hh-InGaAs "
e 100 \a\..-;-.'_.;;..._._d.-.-.— §|4 \'\_
e - Tsa L, Q B Sl . ~ 7
10 _“hh'_l"Q'ASN ___________ S Pu '-.“': “: : .
JRRREEE TS - s6ps SIS
1012 | | 1 1 p 1 h.h’;m‘ﬁ--
0 1 2 3 4 5 6 2 . A ! ald - Taskoy--
Now (108 cm™3) 280 300 320 340 360 380 400

FIG. 4. The electron and hole thermionic escape lifetimes of 1190 nm
InGaAs QW and 1295 nm InGaAsN QW lasers with GaAs barriers at  FIG. 6. Therep, of 1295 nm InGaAsN QW with varioullyy, as a func-
=300 K, as a function oNgy. tion of temperature.
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70 - 11000-A p-Aly,,Ga,,AS

60 - 63-A Iny 43Gay 5748 99350002 QW "000"}/“ Al4GaazeAs e
- 50 - GaAs - SCH
=7
=~ 40 1 L6E eV ~50-55pS 177 eV barrier
i, 30 - batrier 1500-A 1500-A
<] J L

20 GaAs 7

10 bal'l'iel'\ ——————————— —— ~ 5-6 ps 60‘A Ino.qcao_gAs(N) Qw

0 ! —= — - ' FIG. 8. Schematic of the InGaf¥) QW laser structures, simulated here.
0 1 2 3 4 5
18 -3
Now (10cm™) significant hole leakage in InGaAsN QW on the current in-

jection efficiency of InGaAsN QW lasers will be discussed

FIG. 7. Ther, of InGaAsN QW with various barriers a8t=300 K, as a . .
eehih Q in detail in Sec. VI.

function of Ngy-

To achieve suppression of hole leakage from the In-
GaAsN SQW, larger band-gap materials of tensile GaAsP Ol CURRENT INJECTION EFFICIENCY OF InGaAs N)
InGaAsP can also be utilized as the direct barrier or SCFb\'N-SIMULATION
regions. As shown in Fig. 7, the, of holes (7eepp) in an

InGaAsN QW are calculated for structures with various barA- Design of experiments and structures

rier regions. By utilizing the 1.77 eV InGaAsP lattice-  The structures that we utilize in these simulations are
matched barriers, with the assumption of a band-offset ratigased on the laser structures that have been fabricated and
(AE:AE,) of 82:18, the thermionic escape rde/ Teenoled  studied experimentalfyThe laser structure is shown in Fig.
of the heavy hole in InGaAsN QW is reduced significantly 8, consisting of 60 A QW of either a 1200 nmylpGa, s AS
by approximately 10-12 times, in comparison with that OfQW or a 1300 NM 1§445a 5250 093dN0.0062 QW active re-
the InGaAsN-GaAs case. In fact, thgsnoies (~25 PSNow  gion. The compositions of the QWs studied here are similar
~3X 10" cm®, T=360 K) of the heavy hole for an In- {5 the QW compositions of the laser structures studied
GaAsN QW with 1.77 eV barriers at elevated temperature, isxperimentally For simplicity and without loss of general-
comparable with the lowest, of carriers in an InGaAs QW jty, the analysis will be primarily focused on the case for
for typical threshold conditions at the same temperature. Thetryuctures utilizing a single QW. The QW active region is
utilization of an InGaAsN multiple QW with GaAs barriers sandwiched inside a 3000 A undoped GaAs optical confine-
is also expected to improve the high-temperature laser pefent layer, which is also similar to our typical 1200 nm
formance. The utilization of a multiple QW active region |nGaAs QW and 1300 nm InGaAsN QW laser structUirés.
will result in a lower thermionic hole escape r&de 7eenoed,  The assumption of minimal carrier leakage from the confine-
as the 1t is inversely proportional to the number of QWS ment layer out into the cladding layers is valid, due to the
(N), indicated from Eq(24). utilization of the large band gap material ofyAlGa, ,6AS as
The hole-leakage process is identified as the mainhe cladding layers.
mechanism in the leakage process in 63 A  The parameters utilized in the calculation of the current
INg.44G @ 57AS0.993dN0.0062 SQW lasers with GaAs barriers. At injection efficiencies follow the treatment presented in Sec.
a typical room-temperature threshold carrier densiy, IV and V. The optical confinement layer of undoped GaAs is
=1.5-3x 10" cm¥), the estimatedr, for the hh in  assumed to have slightiy-type background doping of
1300 nm emitting InGaAsN QW lasers is predicted to be10' cm™3, which is typical for undoped GaAs grown by
around 5-6 ps, which is approximately ten times smalleMOCVD at low temperature. From Eqél9)—(23), the car-
than that of the 1190 nm emitting InGaAs QW lasers. Revier transport time 7,) and the barrier capture tiney,,) can
duction in the hole leakage, by utilizing large-band gap barbe extracted. Thermionic carrier escape lifetimes utilized
riers in a SQW, should allow the realization of high-lasing here for both InGaAs and InGaAsN QWs active regions with
performance and high-temperature operation 1300 nm InGaAs barrier regions have been calculated and discussed in
GaAsN SQW lasers, comparable to that achieved witlSec. V.
1190 nm emitting InGaAs SQW lasers. Utilization of The carrier recombination in the undoped-GaAs SCH
multi-QW InGaAsN active regions will also allow reduction region consists of both the monomolecular and bimolecular
in the thermionic carrier escape rate, which will be beneficiaprocesses. The Auger recombination process is assumed to
for high-temperature operation. be minimal in an undoped GaAs material system, which is
The intent of the analysis presented in this section is tautilized for the optical confinement layer. Lower carrier den-
point out the significance of the thermionic carrier escapesity in the SCH region, in comparison to that of QWgy),
processes in 1300 nm InGaAsN QW lasers, which have beealso validates the assumption of minimal Auger recombina-
neglected in previous analysis under the assumption dion processes in the SCH region. The recombination rate in
strong electron confinemeht.The role and impact of the the SCH region(1/m,) is calculated from 1#,=Ag+BgNg,
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where Ag and Bg terms are assumed as approximately 1 1
X1 st and 1.2<x10°cmd/s, respectively, which are = 0.9
typical for the GaAs material syste%h. § 0.8 -

The carrier recombination in the 1200 nm InGaAs QW £ 07 InGaAs QW
and the 1300 nm InGaAsN QW active regions consist of =: )
monomolecular, bimolecular, and Auger processes. Theoret- 5 0.6 InGaAsN QW
ical gain calculations have shown that the incorporation of N 7 0.5 -
into an InGaAsN QW only results in a reduction of approxi- & .4 -

. L . . . Now_sm = 3x10'8 cm3, T=300 K

mately 10% of its peak optical gain, in comparison to the 03 ¢ . i : i

N-free InGaAs QW* Here we assume the bimolecular re-
combination rate for both the InGaAs and InGaAsN QW as =0 s 200 523 . Bis
identical to Bgy of 1.5x 107 cm?®/s, which is a typical Temperature (K)

value for InGaAs QW For the analysis of optimized, high- _
performance 1300 nm emitting InGaAsN QW and 1200 nmgf'(fe'rg' eTrg'fJfg-QW-a‘-‘h for InGaAs and InGaAsN QW lasers, as a function
emitting InGaAs QW lasers, the monomolecular recombina- P '
tion rate of these two active regions can be assumed to be _
minimal and identical. It is very important to emphasize that2S€'S at a temperature of 300 K. In these studies, we are
the assumption of the minimal monomolecular recombinalNterested primarily in the temperature evolution of the
tion process in the InGaAsN QW active region is valid only 7in.Qw.attn (NOt their absolute valugsor both InGaAs and

for the analysis of the highest-performance InGaAsN Q\/\/mGaASN QW Iaser;. The t?mp?“’#“fe dependence O_f the
laser(many of the earlier reported InGaAsN lasers exhibited \Qw.tn €an b,e approxmated., in alimited temlggfat“re regime,
very high monomolecular recombination rateslere we to follow a linear relation with temperatw_(é’). .

only consider optimized and very lod, 1200 nm emitting The 77inj qw attn Value for a QW laser is very important,
InGaAs QW and 1300 nm emitting InGaAsN QW laskfs, as it will de’Fermme the fraction of. the llnjected threshold
The monomolecular recombination rate for both the InGaA<UIent density that actually recombines in the QW. A severe
QW and InGaAsN QW is assumed to be identical wiy, reduction in the 7 qu atn Of QW lasers will result in a

of 1X10° s'L. Variation of the monomolecular recombina- significant increase in the total injected current density re-
tion rate (Agy) of the 1300 nm InGaAsN QW lasers will qglred to reach threshold. From the calculatlor_l presented in
also be studied to understand the role of nonradiative recont-'9: 9+ the 7in qw arn Of INGAASN QW lasers is only ap-
bination on its current injection efficiency. The role of Auger Proximately 65% afr=300 K, which is very distinct from
recombination in InGaAsN lasers is still very controversial, Nt (7 qw atin=95%) of _In_GaAs QW lasers. The low
While Auger recombination has been implicdtédthe tem- i Qwattn Of 1300 nm emitting InGaAsN QW lasers may
perature sensitivity of InGaAsN lasers, these studies have n§@rtially explain the largefobserved room-temperaturéy,
necessarily been conclusive in demonstrating the extent dff comparison to that of 1200 nm emitting InGaAs QW la-
the Auger recombination process in high-performance®e’S:7in qw attn Values of only 35%-40% are calculated for
1300 nm InGaAsN QW lasers. Studies without taking intoInGaASN QW, Iasers in the Femperatu_re regime of
account any carrier leakagenay have significantly overes- 370-380 K, which will lead to a significant increase in the
timated the Auger rate in the presence of a large thermionigtn 8t €lévated temperatures. In contrast to the case for In-
carrier leakage in the 1300 nm InGaAsN QW lag&rd, ~ GaAsN QW lasers, theyn qw am Of INGaAs QW lasers is
Here we assume that the Auger recombination rate for bot§€"Y high at room temperature and elevated temperature. The

the 1200 nm InGaAs QW and the 1300 nm InGaAsN QW as-alculated i qw aurn for the InGaAs QW lasers are in ex-
similar to Coyy of 5x 10730 cb/s, which is a typical value cess of 95% and 73% at temperatures of 300 and 370 K,
for InGaAs QWZ* We found that, even in the presence of ESPECtively. _ i

minimal Auger recombination in the 1300 nm InGaAsN QW From our studies, we found that the contribution of car-
laser, the thermionic heavy hole leakage process may signifli€" 16akage in InGaAsN QW lasers ca(l)n easily account for
cantly contribute to a large increase in the threshold curren‘i’lmoSt a factor of 2.2 times increatk20% increasein the

density and temperature sensitivity at elevated temperaturedh at elevated temperatu@=400 K), in comparison to that
of room temperaturdT=300 K). For the case of InGaAs

QW lasers, the carrier leakage effect results only in a factor
B. The below- and at-threshold conditions of 1.5 times increasé&0% increasgin the J,, at T=400 K,

o o in comparison to that of room-temperatukg
The at-threshold current-injection efficiency of the QW

(7ini ow atip) for both the 1200 nm emitting InGaAs QW and i
13010ann_ emitting InGaAsN QW lasers are calculated as & The above-threshold condition
function of temperature, and shown in Fig. 9. Th§ qw atth The above-threshold current-injection efficiency of the
is calculated from Eq(14), utilizing the parameters pre- QW (i qw abovern) fOr both the 1200 nm emitting InGaAs
sented in Sec. IV, V, and VI A. The typical threshold carrier QW and 1300 nm emitting InGaAsN QW lasers are calcu-
density in the QWNqw ) for QW lasers is in the range of lated as a function of temperature, and shown in Fig. 10. The
2.5x108-4x 10 cm 3. Here we assumeNow i Of 3 7 ow abovern IS Calculated from Eq(18), utilizing the pa-

X 10'® cm™3 for both the InGaAs QW and InGaAsN QW rameters presented in Secs. IV, V, and VI A. The unclamping

Downloaded 20 Jul 2011 to 128.180.137.141. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



054502-11  N. Tansu and L. J. Mawst J. Appl. Phys. 97, 054502 (2005)

1 were taken from the InGaAs QW and InGaAsN QW lasers

3 09 InGaAsN QW that utilize a similar SCH regioh?® with tensile-strained
2 08 +—" InGaP-GaAsP buffer layers. These lasers have been dis-
;' 0.7 - cussed in detail in Refs. 1 and 3. The defect-induced carrier
§I 0.6 - recombination at the poor interface of theAlGaAs clad-
z 0'5 ] InGaAs QW ding layer and the InGaP buffer layer in these laser structures
7 has led to a reduction of thg,; syycture Value. Improvement
£ 04 7 T=300 K in the 71 aboveths DY removing the poor interface of AlGaAs—

0.3 — — InGaP, has also been demonstrated to result in improvement

1 10 100 Of i aboveth

18 . 23 By taking into account the appropriatg siyctureOf 88%
Now(10™ em™) and 85% for the InGaAs QW and InGaAsN QW lasers, ex-
FIG. 10. Thez, ow aboven for INGaAs and InGaAsN QW lasers, as a func- cellent agreement bgtwegn experiments and theory are ob-
tion of Ny served and shown in Fig. 11. Both th&p apovern and
7inj W aboveth Of the 1300 nm InGaAsN QW lasers are cal-
culated and experimentally measured to have higher tem-
perature sensitivity, in comparison to those of 1200 nm In-
GaAs QW lasers. The InGaAs QW lasers exhibit minimal
reduction in efficiency up to elevated temperatures of 350 K.
In contrast to that of InGaAs QW lasers, thg, apovetn Of
InGaAsN QW lasers reduces from 72%Tat 293 K to 65%
at T=333 K. Aside from the reduction of the, qw at i
thermionic carrier leakage also leads to a severe reduction in
_ the 7ini ow aboveth- It IS clear from the experimental and the-
lasers range from 28 10°% to 4 10'° cmi%. Up to Ny of oreticél_IQsthdieé presented in Fig. 11, that heavy-hole leakage

10" cm3, high 7, ow anovern €@N be achieved for both the .
InGaAs QW and InGaAsN QW lasers for room temperature. 1300 nm - InGaAsN QW lasers can explain the more

operation. From the calculated results here, it is evident thaf mperature-sensitiveyy anover N comparison to that ob-
R . Served in the 1200 nm InGaAs QW lasers.

the 7in Qw aboveth €N be very distinct in comparison to the

MinjQwatth- 1€ 7injowatth @Nd 7inj Qw abovetn Of the

1300 nm InGaAsN QW lasers are calculated as 65%

85%, respectively, for the case Nfyy y, of 3 10" cm™ at

rate of carriers in the QWAqy,) for both InGaAs QW and
InGaAsN QW lasers is assumed to be identicalAtg,, of
11%, which is a typical value for QW lasers in gen@r’sal.
From the calculation shown in Fig. 10, we do not ob-
serve much dependence of thg, ow abovetn With carrier
density in the QWNqy) for both InGaAs QW and InGaAsN
QW lasers at room temperatur@ =300 K) and typical
threshold carrier densityNqy ). Typical Now ¢ for QW

an%_ The role of nonradiative recombination

T=300 K. Only in the case of minimal carrier leakage., The current injection efficiency of a QW laser depends
1200 nm emitting InGaAs QW lasgrean the i, ow aboveth significantly on the rate of the nonradiative processes. There
and 7 ow attn PE approximated as similar. I has been a common misunderstanding or misinterpretation in

The above-threshold current-injection efficienciesthe literature on the role of nonradiative recombination on
(77inj aboveth, Wit 7inj_aboveth™= 7inj_structureX Zinj.qw, aboveth) @S @ the Curre,nt |njegt|0n efﬂugncy of QW Iasél?'sCo.mmon un-
function of temperature for both the 1200 nm derstanding typically attributes the reduction in the current

InGaAs QW and 1300 nm InGaAsN QW lasers are Ca|cujnjecti0n efﬁCiency of InGaAsN QW lasers to the result of an

lated and compared with experiments, as shown in Fig. 11. iicrease in the defect recombination in the QY#rom our
is important to note that they,; apovern is different from the studies here, we show that the current injection efficiency of

Tinj.Qw aboveth DY @ factor of 7 syucure @S Shown in Eq(2). QW lasers actually increases as the defect recombination rate

The experimentally measured quantity, from the plot ofd/ increases. The phenomena of increasing current injection ef-

versusL, will result in 7, apovern- The experimental data ficiency with increasing defect recombination in the QW can
o be explained by the faster recombination rate of the carriers

in the QW when large nonradiative recombination is present.

0.85 Now_u=3x101% em®, T=300 K The common misunderstanding in the role of defects on
= 0.8 11 , the current injection efficiency is a result of a misconception
§ 0.75 - r of the internal efficiency and current injection efficiency. The
5 current injection efficiency, extracted above threshold, is not
§ 0.7 - the same as internal efficiency. As shown in Ef), the
%. 0.65 - internal efficiency is composed of both the current injection
= - efficiency and the quantum efficiencynouantumefficien

06 1 2+ Experiment InGaAsN QW =Rad/ Riota) - TE 7 abovern IS the diﬁerentiaIquchLi[ibn of the

0.55 T T T injected current that recombines in the QW, after the lasing

280 300 320 340 360 phenomena occurs. From multiple-length studies on lasers,

plotting the inverse of the above-threshold external differen-
tial quantum efficiency(1/74) versus cavity lengtiL.,,),

FIG. 11. Themy aovern fOr INGaAs and InGaAsN lasers, as a function of only the 7;j aboverh CaN be extracted as described in Sec. 11 C
temperature. and Eq.(5).

Temperature (K)
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100 T T T 1
InGaAsN QW =
” h-] 0.9 T
~ A=10x10%s"" % 0.8
o~ - 8 -1
e 80 A=20x10°s"" :-_;' 07
= 5
[-] -
£ ™ - §| 0.6 1-QW  2-QWs
S e [ 410 .
;' - o o 0.4 - gﬂ-A ln&‘;crﬁf:A%?s'}N%z ](()W
S s - A=3x10s h R ek . .
8
£ 40 | Jowmme~ANow h 250 275 300 325 350 375 400
Now. —ﬂ'|= 3x10:8 It:m", T=:I!00 K 1 Temperature (K)
30
250 280 310 340 370 400 FIG. 13. Theny qw aiin for INGaAsN multiple-QW lasers, as a function of
T (I{) temperature.
FIG. 12. Theniy qw.aun fOr 1300 nm InGaAsN lasers, as functionsToand  turn leads to a negligible carrier tunneling processes. Recom-
A rates.

bination in the barrier regions separating QWs can be ne-
glected as the typical separation of these barrier regions is
The calculated at-threshold current injection efficiencyonly on the order of 75—-100 A each. An additional benefit
(7inj_ow attn) Of the 1300 nm InGaAsN QW lasers as a func- from the utilization of multiple quantum well structures is
tion of temperature and defect recombination ré#¢ is  the lower threshold carrier density in the QWow 1) in
shown in Fig. 12. As the defect recombination ré#¢ in-  each QW, which is a result of the reduction in the required
creases, the carrier recombination lifetime in the Q%)  gain per QW.
will be reduced. A reduction in theg, will lead to an in- From Eq.(24) within the boundary of the assumptions
crease in the recombination current in the QW. Carriers irexplained earlier, one can approximate the thermionic carrier
the QW can either recombine in the QW through radiative orescape lifetime(r,) to scale inversely proportional to the
nonradiative recombination, or be leaked out from the QWhumber of QWs(N). By utilizing Eq. (24) and the param-
through thermionic carrier leakage. An increase in the noneters listed in Sec. IV, V, and VI A, thgi,j ow atth @s a func-
radiative recombination processes in the QW will only leadtion of temperature is calculated for the cases of single QW
to an increase in the recombination current in the QW, whichand multiple QWs, and shown in Fig. 13, where the utiliza-
in turn leads to an increase in the current injection efficiencytion of multiple-QW structures leads to an increase in
From the calculation results shown in Fig. B2y qwatth Of  7inj ow atns i cOMparison to that of a single-QW structure.
the InGaAsN QW, with increasing defect recombination rate Single-QW structures exhibits 10w, ow att Values of only
exhibits a reduction in its temperature sensitivity. The31% atT=400 K. In contrast to the case for a single-QW
Tni.qwatth Of the QW with a low defect densityl  structure, then owan Of Multiple-QW structures with
x 1P st has a value of only approximately 30% &t three and four QWs exhibit reasonably high values of ap-
=400 K. By contrast, theyi,j ow atth Of the QW with a large  proximately 58% and 65%, respectively, B£400 K. The
defect density(10—20x 10° s™%) exhibits a reduction in the suppression of heavy-hole leakage in the multiple-QW struc-
temperature sensitivity, which leads to7g, qw atth Of @p-  ture will lead to a reduction in the temperature sensitivity of
proximately 55%—-65% at=400 K. the Jy.

E. Multiple-QW structures F. Larger-band gap barriers

The poor at-threshold current-injection efficiency of the ~ The thermionic carrier leakage of QW lasers can be sup-
QW (7inj qw attn) in 1300 nm InGaAsN lasers is attributed to pressed by implementing larger band gap barrier materials to
the poor confinement of the heavy holes inside the QW. Onsurround the QW. As shown in Sec. V and Refs. 16 and 34,
of the methods that can be utilized to improve e owaitn~ the thermionic escape lifetime of the holes in the InGaAsN
of 1300 nm InGaAsN QW lasers is by utilizing the multiple QW can be significantly increased by utilizing the large band
QW structures. Utilizing the multiple QW structures will al- gap material in the barriers.
low for a reduction of the effective thermionic carrier escape  Here we calculate the impact of utilizing a larger band
rate. The thermionic carrier escape rétér,) can be calcu- gap barrier material on the at-threshold current injection ef-
lated from Eq.(24), whereN represents the number of QWs. ficiency of QW (7in qw atthreshoid Of @ INGaAsN single-QW

It is important to note that Eq24) is valid for multiple  laser, as shown in Fig. 14. The calculations here are con-
QW structures, with the assumption that the tunneling ratelucted with GaAs, 1.62 eV InGaAsP, and 1.77 eV InGaAsP
and the recombination rate in the barrier regions separatinarrier materials. The thermionic carrier escape times for all
QWs are minimal. Carrier tunneling rate across the barriethe choices of barrier materials here have been discussed in
region can be significant, if the distance between QWs is thimetail in Sec. V and Refs. 16 and 34.
enough. In all our designs and experiments, the distance be- The utilization of larger band gap materials of 1.52 or
tween QWs is typically in excess of 75—100 A, which in 1.62 eV InGaAsP barriers surrounding InGaAsN single-QW
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1522V bution of the carrier leakage effect on tlig for both the
Barriers ;::r::’rs 1200 nm InGaAs and 1300 nm InGaAsN QW lasers as a
function of temperature. The fractional contribution of the
carrier leakage effect ody, is calculated with respect to
the calculatedl,, at temperature of 250 K. The fractional
contribution of the carrier leakage follows the relation
AJth_carrier_leakagé-r)/‘]th(T:250 K), with AJth_carrier_IeakagéT) is
defined asly(T=250 K)/ 7inj qw attn(T). As shown in Fig.
i . i i i 15, the carrier leakage effect in 1300 nm InGaAsN QW la-
sers contributes to a significant increase in the threshold cur-
250 275 300 325 350 375 400 rent, up by 120% and 180% at temperatures of 370 and
Temperature (K) 400 K, respectively. By contrast, the carrier leakage effect
_ _ _ only contributes to an approximately 30% increase in the
]IfIG.t;4. 'I;hTemninwiaUh for INnGaAsN QW lasers with various barriers, as a threshold current of the 1200 nm InGaAs QW lasers at a
Hnetion ot temperature of 370 K.
) N ) It is important to note that carrier leakage in QW lasers
results in a significant increase Of gy qw aun Value, as g ony one part of several contributing factors affecting the
shown in Fig. 14. The InGaAsN QW with GaAs barriers oy neratyre sensitivity of the threshold current density. Car-

exhiE)its a low 7inj qw atin valﬁe of onlfy approximately 31% hrier leakage is often neglected in the analysis of the tempera-
atT=400 K. In contrast to the case for a QW structure withy, o sensitivity of the threshold current density of QW

GaAs barriers, the?inj_QW_at_th of the QW structures utilizing laser22045.46T e wrong utilization off; abovetn in a thresh-
larger banq gap barriers of 1.52 and 1.62 eV are calculategq analysis in QW lasers, instead g -.1» as shown in Eq.
as approximately 45% and 60%, respectivelyTa00 K. (3) 'may also lead to a significant overestimation of the re-

The reduced temperature sensitivity i qwaun Of the — compination current in the QW. These wrong assumptions
InGaAsN QW structures utilizing larger band gap barrier o ead to wrong interpretations of results. Neglecting the

materials is a rgsult of suppression of t.hermionic carrier 'eakbarrier leakage effect in QW lasers may also lead to a sig-
age. Suppression of carrier leakage in INGaAsN QW lasef,ificant overestimation of the Auger recombination rates in

with larger band gap barrier materials, will potentially resultthe QW, as well as overestimating the temperature sensitivity
in reduced threshold-current density at elevated temperaturgs tha material gain parameter and the internal loss of QW

GaAs-
Barriers

T)inj_QW_at_threshold

| 60-A Ing 4;Gag ;A8 4935Ng 0062 QW
Now_m =3x10" cm?3, T=300 K

=S e 9 e 9 9
W hr o Q9 o=
| I W I —

lasers.
VII. IMPACT OF CARRIER LEAKAGE EFFECT ON The material gain parameter in a QW laser, which suf-
LASING CHARACTERISTICS fers from severe carrier leakage, may also be significantly

underestimated. The conventional gain parameter utilized in
modeling optical gaimg,; follows a semilogarithmic relation

The existence of large carrier leakage in a QW laser willas gin=Jos IN(7inj at indin/ Jy). The term ny 4 i represents
significantly impact the temperature characteristic of itsthe fraction of the total injected current that actually recom-
threshold current density. Carrier leakage is often neglectetines in the QW, at the threshold condition. Neglecting the
in the analysis of temperature sensitivity of threshold currentarrier leakage effect in QW lasers, with severe carrier leak-
density of QW Iaser§',2°'45'46many times this stems from the age, may potentially lead to a significant underestimation of
misunderstanding of the concept Of, owain and  theg,;value. This underestimation gf; can result from an
7inj_ QW aboveth: analysis that does not take into account the fact that the total

As shown in Fig. 15, we calculate the fractional contri- recombination current in the QW is not equal to the total
injected current.

A. Threshold current density

. 2200 T T T T
L ~Now =3 x 10’8 em™, T=300 K _ _ N
- 160 - - B. External differential quantum efficiency
té,, F 1300 InCEASN GW 7~ - As shown above, thermionic carrier leakage in QW la-
- 120 T sers will affect both the at-threshold and above-threshold
f, X r 1200-0m InGaAs OW 7 current injection efficiency. The external differential quan-
§ § 80 - amae Q tum efficiency(zy) of a QW laser is linearly proportional to
S| ‘ its  above-threshold  current injection  efficiency
] | ; i
|- 40 (77inj Qw abovetn), @S shown in Eq(5). By suppressing the
3 ‘ thermionic carrier leakage out of the QW, a reduction in the
0 temperature sensitivity of the, ow apovetn Will result in a
250 280 310 340 370 400 temperature-insensitive external differential quantum effi-

TE ciency.

FIG. 15. Fractional contribution of carrier leakage effect on fgefor Here we calculate the]i”j—QW-abo"@th' from Eq.(18), for

InGaAs and InGaAsN QW lasers, normalized}gT=250 K), as a func- 1:?’00 nm InGaAsN QW lasers utilizing various barrier re-
tion of temperature. gions. The calculation ofnn qw aboverr NEre assumes an
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< 0;? : 152V 162eV 11000-1;‘/“'“0.74(;30.261\5 11000-A p-Al,;,Gay56As
2 .9 Barriers Barriers
£ 085 L /
o 0.8 GaAs - SCH T?T:
2 4 GaAs-
é 0.75 Barriers \ — —
g 0.7 — [
S 0.65 1500-A 1500-A
£ 60-A Iny ;3G 57AS0,9935N0.00s2 QW
e 00-6 7 Now_a = 3x1018 em™, T=300 K 30-A GaAs, Py 33
55 A

/
-A In A N W
280 295 310 325 340 355 370 60 0.4G80,6A50.995No.005 Q

Temperature (K) FIG. 17. Cross sectional schematic band diagram of InGaAsN QW lasers.

FIG. 16. Theni, qw abovetn fOr INGAASN QW lasers with various barriers, as R . .
a function of temperature. the realization of InGaAsN QW lasers with lody, and im-

provedT, values at elevated temperatures. It is also impor-

| . A £ 11%. Th f th vsi tant to note that the improvement i, values in the
unclamping rateAqu) 0 0. The purpose of the analysis |4 AsN-GaAsP laser structure is not a result of an artificial
here is not to attempt to calculate an accurate value fofncrease in thely,

77ini Qw_aboveth, e itis to provide the trend of the tempera- - e 5 of QW lasers can be expressed as a function of

t“_rﬁ eharacte(jristice °’f7ini_Q%/_v_aboveth for 'L‘GaASN SW If'T_sere device parameters, which include total recombination current
‘(’)"f't l:‘?gécr’veba?g”e;;sn 'S:rrr?gg mc;[f e?g\é To? ”t'l'ézt'g\r} in the QW (J,ow) and the current injection efficiency

i : : ini as follows:
InGaAsP surrounding the 1300 nm InGaAsN QW will pro- (7 quat
vide significantly improved carrier confinement to the QW. qlL,
As shown in Figs. 16, they, qw abovetn for the InGaAsN 7inj_at th
QW with GaAs barriers exhibits large temperature sensitiv- . _ > 3
ity, resulting in low 7, ow abovetn at elevated temperature. In with Jip ow=0L(ANqw* BNgy + CNoy). Theq, L, andNqw
contrast to the case for GaAs barriers, 8 o abovedh fOr in Eq. (26) represent _the_ electron charge, t_hlckness of the
the InGaAsN QW with larger band gap barriers of 1.52 and@" and carrier density in the QW, respectively. Thgw,
1.62 eV InGaAsP exhibit only very minimal temperature BQS,,Aand Cow rept:_esept the rfrfyo_nomolecular, pmroleculgr,
sensitivity, which potentially lead to significant reduction of an (ljjgersrecolr\n/ El)na1t_|r(]) N tcoe |C|etnts, respe_c t_|tve Y, as dis-
the temperature sensitivity of the external differential quan-,cufsga;\n N ec\.N | - 'he errr]]pera 'uresseni}llw yém—a‘—th
tum efficiency (74). The experimental results presented in'M nb AS Q q sseﬁz as sthov;/n n bec-d anb Eb.ﬁ)’
Sec. VIl also show a similar trend of significant reduction in can be improved Dy utilizing the farger band gap barrier ma-
temperature sensitivity oy for the InGaAsN QW lasers terials to suppress the thermionic carrier leakages. The ex-

utilizing larger band gap barrier materials. pression foriy qw atn Of QW lasers is shown in Eq14) as
functions ofr,,, (total carrier transport time 7, (total recom-

bination lifetime in the SCH region 7y 1ot (total recombi-

Jn= - (AqwNow + BowNaw + CowNow),  (26)

VIIl. EXPERIMENTAL VERIFICATION OF THE nation lifetime in the QW active regionand 7, (thermionic
CARRIER LEAKAGE EFFECT carrier escape lifetime The expression in Eql4) can be
A. Design of experiments and structures derived from the conventional rate equation for QW lasers,

as shown in Sec. lll. All the parameters of interés,, 7,

Here we conduct experiments to demonstrate the eXisrqy (s @and 7o) have been discussed in detail in Secs. IV
tence of the temperature-induced carrier leakage in InGaAsldnd V. Ther,, and 7, are assumed as unchanged in all our
QW lasers. This work shows that carrier leakage in InGaAsNexperiments, as the design and the choice of material sys-
QW cannot be neglected, despite its deep electron confine-
ment. Experiments are designed carefully, in which only the
choice of the barriers surrounding an identical InGaAsN QW
are modified from the conventional GaAs barriers to higher

4 \
band gap GaAs,P, barriers, as shown in Fig. 17 and 18.

By replacing only the choice of the barrier material sur- \ /
rounding the 100-A GaAs
INnGaAsN QW directly(i.e., sometimes we refer to this as the

e =

direct barriej, the thermionic escape lifetime of the carriers
in the QW will be altered as a consequence of changes in the 60-A Ing ;Gay cAsy 99sNo 005 QW
band offsetgAE,). In our experiments with larger band gap

-~ AE ~
barriers, we utilize the GaggsPy 15 and GaAg ¢+ 33 barri- M V‘>J;_h———

ers surrounding the QW directly. By utilizing the GaAsP

direct barriers, significant SUppreSSior_‘ of the carrier |ea|_(ag?|G. 18. Diagram of the InGaAsN QW with direct barriers @f GaAs and
phenomena at elevated temperature is observed, resulting (5 GaAs_P,.

75-A GaAsygsPy ;s 75-A GaAs, P,
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40 -EE:‘ i PR oA AsuarPu, barriers 600 "E Ing (G2, AS) g9sNo.00s QW
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FIG. 19. Thes, for INGaAsN QW lasers with various barriers as a function FIG. 20. TheT, for InGaAsN QW lasers with various barriers, as a function
of T. of Leay

tems of the SCH region are identical for all structures inves2Ec'AE, ratio is assumed to be similar to that of the

tigated here. From the fact that the compositions and dimeHDGaASN_GaAS case. A slight increaseAl, leads to sig-
sions of the InGaAsN QW active regions in both nificant suppression of hole escape raigr,) from the

experiments are kept identical, the total recombination life/NGaASN-GaAsP QW structures due to its exponential rela-

time in the QW7o (o CaN also be assumed as unchanged!'°" [from Eq.(27)], which will in turn lead to improvedy,

The thermionic carrier escape lifetime, o, for elec- andJi at elevated temperaturgsom Eq. (14) and(27)]. In~
trons and holes, respectivelgf the carriers in the QW have the ab;ence of any carrier Ieal_<ag<?, by contrast, an increase in
been discussed in detail in Secs. IV C and V, following Eq.2Ev Will not lead to any reduction id;, at elevated tempera-
(24) and(25). The simple trend of the expression for thermi- tures or any improvement in thg, values.

onic carrier escape rate can be expressed as follows: All laser structures studied here, shown in Figs. 17 and
18, were grown by low-pressure MOCVD. The group-V pre-

1 1 5 F( AE, e,h) cursors are arsinAsHs) and phosphinéPHs). The group-
Teeh : Now - L, Tex keT )’ (27) Il precursors are the trimethy’'M) sources of Ga, Al, and

- In. The N precursor is U dimethylhydrazifg-DMHy). The
with kg as the Boltzmann constant, as the temperature, dopant sources are SjHnd dielthylzinc(DEZn) for the n
Now as the carrier density in QW, as the thickness of QW, andp dopants, respectively. Details of the MOCVD growth
and AEy ¢, as the carrier confinement energy in QWér  of InGaAsN QW materials utilizing GaAs barriers and larger
electrons and holes, respectivelfs the dimensioriL,) and  band gap materials of GaAsP have been discussed elsewhere
composition of the InGaAsN QW active region in both ex-in Refs. 3, 4, and 47.
periments are identical, the threshold carrier density in the
QW (Now n) can also be assumed as identical for both laser8. Lasing characteristics of InGaAsN QW lasers
with similar confinement and cladding layer designs. The
total thermionic carrier escape time of QW) can be ex-

As-cleaved broad area lasers, with oxide-defined stripe
ressed as functions of th and = as 1/ width of 100 um, were fabricated for both active regions
P % electron e holes ¢ shown in Figs. 19-22. The lasing characteristics were mea-

=1/7g electront 1/ Te noles  The e€scape phenomenon is domi- - : .

nated by the escape rate of the carriers with the fastest e:scaSLérE(JI under pulsed condmons_ with a pulse width and a duty
. . . ; cle of 5us and 1%, respectively. The temperature charac-
time. Once the carriers escape, the carriers in the QW an

SCH will redistribute themselves to maintain charge neutral—tenzatIOnS of both InGaAsN-GaAsP and InGaAsN-GaAs

ity in the QW and SCH due to the high mobility of the QWs lasers are performed over the range of 10—100 °C. The

carriers'®3*

The differences in ther, of InGaAsN-GaAs and 00 In, ,Ga, cAs) 995Ny gos QW; Ly, = 2000-um
INnGaAsN-GaAsP structures can be attributed solely to the 600 - g::’;mpm =
differences in their respective ratios A€y, o,/kgT. The ra- < 500 - GaAs, Py o To572K ll‘/:d““
tios of the electron and hole confinement enefd.: AE,, g .
with AE.=AE, ., AE,=AE, ) in InGaAsN-GaAs structures < 400 -
is approximately 80:267< resulting in extremely strong = 300 -
electron confinement and extremely poor heavy hole con-
finement. The calculated escape lifetime of the electrons and 200 {0 oeg T,=108K 1'-g3k
holes from InGaAsN QW is approximately 30—50 ns and 100 Lot el . T T
5-10 ps, respectively, for near-threshold condititti¥.By 280 300 320 340 360 380 400

utilizing the large band gap material surrounding the In-
GaAsN QW, the confinement energy of both the electrons

and holes in the QW will be increased. As no studies have,g 21
been reported on the InGaAsN-GaAsP structures, thefT.

Temperature (K)

. Thely, for InGaAsN QW lasers with various barriers, as a function
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120

GaAsP are shown in Figs. 21 and 22. At room temperature

115 ‘ IhesGtassomduons QW (T=20 °0O), threshold characteristics of both the InGaAsN-
110 £ Codn B mrsiens GaAs are measured as approximately 350-360, 250, and
) 105 £ L 210-220 A/crd, for devices with cavity lengths of 720,
= 100 £ 1000, and 200Qum, respectively. Room-temperatur@
T t GaAs, 4P, barriers =20 °C) threshold current densities of 320, 260, and
90 £ Fa 220 A/cnt were measured for INGaAsN—GaAsP, 15 QW
85 ¢ ,/./_:;}:‘;:;:4. Beimele lasers for cavity lengths of 775, 1000, and 2Q2®, respec-
80 + T T T tively. The Jy, for the INnGaAsN—GaAsgsFy.33 QW lasers is
500 1000 1500 2000 2500 measured as 200 A/cénfior devices withL.,,=2000um.
Cavity Length (um) Threshold current densities for InGaAsN QW lasers,
with GaAs and GaAsP barriers, exhibit similar valuds,
FIG. 22. TheT, for InGaAsN QW lasers with various barriers, as a function =200—220 Alcrf) for room-temperaturéT=20 °C) mea-
of Leaw surements. At elevated temperature, dpeof INnGaAsN QW

lasers with GaAs barriers exhibit large temperature sensitiv-

measurement is conducted for devices with long cavity td!y resulting inJy, of 535 and 625 A/crhat temperatures of
minimize the effect from the temperature sensitivity of ma-90 and 100 °C, respectively. Threshold current densities of
terial gain'® The T, and T, values presented in Figs. 20 and ONly 390 and 440 A/ch were also measured for
21 are measured for devices with various cavity lengths froMNGaASN—GaAg s 15 QW lasers(Lc,,=2000um) at tem-
temperature ranges of 20—60 °C. peratures of 80 and 90 °C, respectively. Further suppression

The emission wavelengths of the InGaAsN QW laserf carrier leakages, by utilizing the GaAsP barriers, results in
(Leay=2000um) with GaAs, gPo 15 and GaAg 5P 33 barri- INGaAsN—-GaAg gy 15 QW lasers (L¢4,=2000m) with
ers are approximately 1280 and 1260 nm, respectively. Thifireshold current densities of only 350 and 400 Afcat
emission wavelength of the InGaAsN-GaAs QW laser struciemperatures of 90 and 100 °C, respectively. As shown in
ture is measured as 1295 nm. The shorter peak emissidi9- 22, To values for the InGaAsN QW lasers, with GaAsP
wavelength from the InGaAsN QW with direct barriers of Parriers for various cavity lengths, also exhibit improved
GaAsP is a result of a stronger quantum confinement effecgharacteristics in comparison to those of InGaAsN-GaAs
as well as growth-to-growth variation in composition. Calcu-QW lasers. The improvement in tfi values for the QW
lations considering the band gap, strain, and effective masséaSers with larger band gap barriers is a result of significant
predict a blueshift of the emission wavelength of approxi-SUPPression of thermionic carrier leakage.

mately 120—300 A for InGaAsN-GaAsP QW structures, in  AS electrons are very well confined in both InGaAsN

The temperature characteristics of the external differenlNGaASN-GaAsP QW structures at elevated temperatures as
tial quantum efficiencie$zy) of INnGaAsN QW lasers with well as their improvedrly and T, values are results of sup-
various barriers are presented in Figs. 19 and 20. fhef ~ Pression of heavy hole leakage from the InGaAsN QW due
the InGaAsN QW lasers with GaAs barriers exhibits rela-t0 the lower hole escape rat&/ 7 ho). As the temperature
tively large temperature sensitivity, resulting in loyy at ~ increases, théy, of the InGaAsN with GaAsP barriers in-
elevated temperature. As larger band gap barriers are erf€ases at a significantly slower rate. The suppression of car-
ployed to surround the InGaAsN QW, thg exhibit signifi- ~ fer leakage is also evident from the fact that the significantly
cant reduction of the temperature sensitivity of iig The  reduced temperature sensitivity gf in the InGaAsN QW
utilization of the GaAsP barriers results in the reduction oflasers employs larger band gap barrier materials. _
the 1/7, neavyholes (thermionic escape rate for heavy holes From_ the studies presented here, the existence of carrier
which will in turn result in significant reduction in the tem- l€akage in InGaAsN QW lasers has been demonstrated ex-
perature sensitivity of ity ow abovetn LOW temperature perimentally. .Suppressmn of carrlerlleakagelln InGaAsN
sensitivity of the 7, ow abovern IS crucial for the realization QW lasers with !arg'er band gap barrier material of GaAsP
of QW lasers with reduced temperature sensitivityygfThe ~ |€ads to areduction in thi, at elevated temperature, accom-
measured temperature characteristics of#evith increas- ~ Panied by the increase in tfig andT, values. Thely, of the
ing carrier confinement in Fig. 19 exhibit a very similar trend INGaASN QW lasers(Lc,,=2000um, as-cleaved with
with that of the 7 ow aboveth In Fig. 16, which can be ex- GaAg P 3z direct barriers, have been measured as only 350
plained by their linear relation shown in E). As shown in ~ and 400 A/crf, for measurements at temperature of 90 and
Fig. 20, theT; values for INnGaAsN QW lasers with improved 100 °C, respectively. Suppression of the carrier leakage in
carrier confinement in the QW, exhibit significant improve- INGaAsSN QW lasers also results in significant reduction in
ment in theT, values for various cavity lengthd; values of ~ the temperature sensitivity of the slope efficietigy) for the
approximately 450 K are measured for long-cavity devicesstructures employing large band gap of GaAsP.
employing GaAgeAo.33 barriers, which is significantly
higher tha_n that(T;=150 K) measured for devices with IX. SUMMARY
GaAs barriers.

The threshold current densiti€g;,) of InGaAsN QW The analysis of the current injection efficiency here in-
lasers with GaAs barriers and larger band gap barriers aficates that the at-threshold# owai) and above-
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