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On the determination of internal optical mode loss of semiconductor lasers
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(Received 31 January 1997; accepted for publication 9 March)1997

Use is made of a numerical simulation of the light—current characteristic to examine the errors
which may arise in the determination of the optical mode logg) (from the cavity length
dependence of the external differential efficienal(). In particular, we focus on the effects of
incomplete Fermi level pinning and carrier leakage, and show dhatan only be determined
correctly if 3., is determined under conditions where it is invariant both with current level and
temperature. ©1997 American Institute of PhysidsS0003-695(97)03318-4

It is common to measure the internal optical mode lossiated with recombination in the barrier and drift and diffu-
(@;) and internal differential quantum efficiency;yg) of  sion through the cladding layers. We have shown bﬁ’ats
semiconductor lasers by analysis of external differential efextremely sensitive to quasi-Fermi level position and is
ficiency (ngxg as a function of device lengthLf), with  therefore temperature and length dependefinally n‘r’ is
ngxt(LC) measured as the slope of the power output per facehe differential radiative efficiency of the quantum well itself
(Pex) as a function of currenfl) above threshold. In the and describes the fraction of the increase in current entering
accepted methotle; is determined from the slope of a plot the well which results in an increase in the stimulated emis-
of (7%,) "t vsL., and7? from the intercept according to the sion. We show below thag® is unity and independent of

relation length providing data is taken over the appropriate current
range above threshold. In what follows we focus on the ef-
1 1 aile fect of »° and ¢ on thea; analysis
TZT 1+W f (1) T]| .77r al y . o . .
Mext Mo n(1/R) To investigate the fundamental limitations in the use of

whereR is the facet reflectivity. The central assumption of Equation(1) we adopted a model of the output power and
this analysis is thabyg and «; are independent of cavity drive current based on the smgle_ mo_de rate equafidie
length. Although an alternative technique has been profose®OWer output from a single facet is given’by
to determineq; the approach of Equatiofil) continues in
widespread use. Pexd{ W)= hCamBsporlsporl?
It is commonly assumed tha should have a value of
unity above threshold, although the values derived fromwhere «, is the mirror loss, calculated foR=0.3, Bspon
Equation(1) are often significantly less than this. We have =102 is the proportion of spontaneous emission emitted
shown that this is due to the failure of the Fermi levels to pininto the lasing modejg,,, the current density resulting
at threshold throughout the whole structure and that undeffom spontaneous recombination in the wéllis the device
certain circumstancesg is dependent upon cavity length. area(lengthxwidth of 50 um); I'=0.242 is the optical con-
In the light of these findings, the purpose of this letter is tofinement factor andj the material gain.

2 e(aptai—T'g)’ ©

determine the conditions under which Equatiéhis a valid The total drive current is made up of nonradiative re-
means for determination af; by numerical simulation of the combination, spontaneous recombination, and stimulated re-
light-current characteristic. combination within the active region, and leakage of carriers

We have described the interrdifferential efficiency in  out of the active regioﬁq
terms of three components: LA o AT'GB
n € spon g spon
d__d_d_d R = = o
No=NsT; 1y - 2 I(A) Tor +‘JSP0nA+ anta; _Fg
The term 772 Is associated V\./ith lateral current.spreading ar‘theren is the carrier population of the active regidnis the
itis generally thought that in broad area devices changes 'etive region width,7,,, is the nonradiative lifetime in the

curr_e?t dspr_i?dlng ?nd f|_Iartr;]entat|on abé)ve tthreslho?llc? aret_a juantum well which is taken to be 3 ns independent.of
sociated with variations in the measured external difterential g o leakage current density and includes recombination

efficiency and we believe that such changes often cause scz#.f— the barrier and drift and diffusion through the cladding

ter in the results. In the presence of current spreading WE,

h h havd is | h i thouah th X yers, and is calculated analytically by a thermal equilib-
ave shown tdays Is less than unity, although t €re 1S N0 iym model from the guasi-Fermi level positions specified by
evidence thaty, is length dependehso thea; analysis re-

X . d - S L the carrier densityRef. 5, section 34 The leakagéof elec-
mains valid. Thg termy;” is the injection eff|C|e_ncy rePre- 1ong through the p—) cladding layer is given By?
senting the fraction of increase in current entering the active

+J.A, (4

1/2

area of the device that results in recombination within the B 1 1
quantum well. It is less than unity if the Fermi levels do not ~ Jic=€DnNc |__§+ 222
pin outside the quantum well, and it represents current asso- "
1 1 1
Xcoth | =+ =—=| W¢|+ ==, (5)
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FIG. 1. Laser output power and overall internal differential efficiency de-FIG. 2. Value of a; derived from the 13, vs L. analysis (input
rived from the slope of theP.,(l) characteristic vs current relative to Vvalue=10cm™) for three cases(@) no loss of carriers from the quantum
threshold current for devices of length 250 and 1@00. The calculation ~ well (T=300 K), (triangles; (b) significant diffusive leakage through the

only includes recombination within the quantum well itsefl& 79=1). cladding layers T=400 K) (square} and(c) significant drift and diffusive
leakage(400 K) (circles.

wheren, is the electron density at the edge of the cladding p » .
layer (thicknessw, and electrical conductivity), L, is the  Pex{!) CUIVes (7e,) at a specified current relative to thresh-

diffusion length, and is the drift lengtfi given by old for modeled devices of different length. Values @&f
were then determined from iLth-Iength plots using Eq.1),
kKT o and the process was repeated for sets of valuesngrob—

2= ( Jactm) ®)  tained at different currents above threshold. This produces

the data in Fig. 2 for the value aof; derived at different

whereJ v is the majority carrier current flowing into the currents on the light-current curve. The data shown as tri-
active region of well and barrier. angles were modeled at 300 K corresponding to the situation

Optical power and current were calculated with the car-in Fig. 1 whereJ, =0, and shows that once the Fermi levels
rier density, n, as parameter using calculated gain-have pinned,I(>1.3,) the derived value of; agrees with
spontaneous current and gain-carrier density characteristitge input value of 10 cm'.
for 68 A, Gayln sPIAl sGas) 55In 4P quantum well lasers To examine the effect of carrier leakage through the
at 670 nm’ Using the threshold condition for a specific cav- cladding layers we repeated the modeling at 400 K, where
ity length we determined the threshold carrier density usinghese effects are significant, for two cases: leakage by diffu-
the gain-carrier density characteristic. This is the limit of Eq.sion only, and leakage by diffusion and drift. The former was
(3) where the power outpuR,,;, becomes infinite. The car- done by settingz=cc in Eq. (5) and leads to the derived
rier density was then reduced in increments leading to valuegalues fore; plotted in Fig. 2 as squares. Again for currents
of Fermi level positions, gain, and current, which were usedabove 1.8, the input value of 10 cmt is obtained and the
to compute the optical power and drive current from Egseffect of diffusion current is simply to increase the error
(3), (4), and (5), generating a light-current curve. We re- where the Fermi levels do not saturate. Since the diffusion
peated the calculation for devices of length 250, 320, 450¢current is controlled by the Fermi levels at the edges of the
600, 750, and 100@m with the other parameters remaining cladding layers, once the Fermi levels pin these currents also
fixed. Throughout the input value af; was 10 cm?®. The  saturate.
parameter values chosen give a good description of 670 nm  With leakage by both diffusion and drift included in the
GalnP quantum well lasers. model we derived the values of, shown by the circles in

Figure 1 shows,; versus current, relative to threshold Fig. 2. Above 1.8, these values become independent of the
current, for devices of length 250 and 1006 at 300 K and  current at which the measurement is made, nevertheless they
with the leakage currenl, =0 in Eq. (4). We also show are about half the input value. This is because, although the
778 calculated from the local slope of the, (1) curve and Fermi levels clamp at the cladding layer edge, the drift cur-
corrected for the fraction of optical power lost from the cav-rent continues to increase due to the increase in field across
ity using Eq.(1). The figure shows, first, thatg does not the cladding caused by the increasing majority carrier cur-
immediately clamp above the threshold, even though theent, as indicated by E@6). In this case the Fermi levels are
Pe(l) characteristic appears linear. Second, immediatelyot pinned throughout the whole of the current carrying re-
above threshold the values @;g are different for different gion and the injection efficiency varies with cavity length, as
length devices so, even in the absence of any carrier leakagkerefore doe378, leading to significant error in the derived
effects, the requirement tha;lg be independent df . is not  value of mode loss. Under these conditions the analysis is
met till the current is more than 30% above threshold. clearly inappropriate.

Figure 2 shows the effect of this behavior on the evalu- We have investigated the validity of the analysis to ob-
ation of «;. We have taken the local derivative of the tain «; by means of a rate equation model coupled to models
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for spontaneous and nonradiative recombination in the wellhe calculations including leakage have been done at 400 K
and carrier leakage by drift and diffusion through the clad-to accentuate the effect, however the key point is that the
ding layers. We conclude that: conventional analysis is inappropriate where drift leakage is
(i) significant, no matter what the temperature. The experimen-
because the Fermi levels do not pin instantly attal criteria for a valid measurement are that the external dif-
threshold the external efficiency must be evaluated aferential efficiency should be independent of current level
sufficiently high current that th®-1 curve is linear above threshold and independent of temperature.
(7%, is constant with currejpand %=1 (the mini-

mum acceptable current depends upon the value o
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