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We present a detailed comparison of the electrical turn-on characteristics of 980 nm vertical-cavity
surface-emitting laser®/CSEL9 with simulations using a recently extended laser simulator. It is
shown that the three recombination mechanisms, spontaneous emission, Shockley—Read—Hall
recombination, and Auger recombination, result in distinctly different exponential current—voltage
dependencies below threshold. Therefore, information can be extracted about the relative strength of
the recombination rates due to those processes, and their relative contributions to the threshold
current can be assessed. We show that for the VCSELSs studied in this work, spontaneous emission
is the dominant contribution to the threshold current. 2603 American Institute of Physics.
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Low threshold current, high wall-plug efficiency, and layers. Therefore, the recombination current in the intrinsic
small temperature sensitivity are desirable in quantum weltegions[QWs and the separate confinement heterostructure
(QW) laser diode design. These characteristics greatly de<SCH) layerd gives the most significant contribution to car-
pend on the electrical efficiency; that is, the ratio of therier consumption. Furthermore, the carrier injections are lat-
stimulated recombination rate to the total carrier recombinaerally confined by the oxide apertures. Hence, contributions
tion rate. For small-aperture, oxide-confined, vertical-cavityffom surface recombination at the device perimétéare
surface-emitting laser®/CSELS, there are three important significantly suppressed in our case. The band diagrams of a
carrier recombination mechanisms that compete with stimuQW laser diode for both equilibrium and forward bias are
lated recombination: spontaneous emission, Shockleylllustrated in Fig. 1. With no external voltage applied, the
Read—Hal(SRH) recombination, and Auger recombinatibn. drift and diffusion currents balance each other, and the re-
It is therefore important to obtain detailed information aboutcOmbination current is zero due to detailed balance. The two
these processes so that proper steps can be taken to enhaPReS of carriers therefo're have identical quaS|-Ferm| levels
the electrical efficiency. When VCSELs operate below(Fn=Fp) which are horizontal throughout the device. The
threshold, the stimulated recombination is negligible, and!€ctrons and holes are separated intthandp-doped clad-

thus the remaining three recombination channels compogdnd regions, respectively, by the built-in voltage, and their

the major portion of the threshold current. These recombina®Verlap within the QW is minimal. When a forward bias is
plied, the electron and hole quasi-Fermi levE|sandF ,,

tion mechanisms exhibit qualitatively different dependenciesap ' ) AT
on the carrier density. As a result, each mechanism is ass5@spect|vely, tend to split by the amount equal to the intrinsic
ciated with a distinctively different exponential turn-bAvV

behavior. Based on this observation, the strength of the re- ~ — = ~ A
combination mechanisms and their contributions to the \
threshold current can be determined from detailgét = \

simple measurements of the turn-da-V characteristics.
This approach was previously used to study the surface re-
combination in light-emitting diodes and laser diodes with
bulk active regiong:® Characterization of VCSEL voltage
has also been used to quantify the threshold ‘gaiml trans-
verse cavity scaling characteristtsn our work, detailed /2 |
experimental and numerical studies are carried out on VC- =
SELs with QW active regions, and the roles of the three
nonstimulated recombination mechanisms are investigated.
It is well known that the exponential turn-on character-
istics are completely determined by diffusion and recombi-
nation for all p—n junction diode$. For QW laser diodes,
however, the QWs represent a very efficient recombination
center, and the double heterostructure layers significantly ~ o
suppress the diffusion of minority carriers into the cladding S --
FIG. 1. Schematic plot of band diagrams of a double-heterostructure laser
diode operating at thermal equilibriufdashed lingand forward biagsolid

dAlso at: Integrated Circuits Laboratory, Stanford University, Stanford, line). E., are conduction and valence band edges,@glare electron and
CA 94305; electronic mail: yangliu@gloworm.stanford.edu hole quasi-Fermi levels, respectively.
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applied voltageV’, which is determined by excluding the 3.0 T T T T T
voltage drop across the bulk regions from the total external 28l |—— Experiment
voltage? As a result, the population of both electrons and 1] = Simulation
holes in the QW becomes significant. Under moderate injec- 2.6f
tion conditions, the QW carriers obey Boltzmann statistics.
By assuming identical conditions for both carrier types in-
cluding their band-edge discontinuities, we can express theS 2.2
QW carrier density as=px exd (V' —Eg)/2kgT], whereE,

is the QW bandgap arkkT is the product of the Boltzmann
constant and the carrier temperature. The current componen™ 4 g
due to the spontaneous emission can then be approximatet
by IsporB-Nn-p~B-n?x exq (V' —Ey/kgT]. The current 1.6
due to the SRH process, that is, due to recombination/
generation involving deep-level impurities, is usually mod-

eled by 12

2.0r
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T(n+n )+T(p+p )v (1) Current (mA)
. . P ! FIG. 2. Measured and simulated total and intrinsic voltage as functions of

injection current into a 980 nm VCSEL.

I srH=

wheren; is the intrinsic carrier concentration, , are the
SRH recombination lifetimes for electron/hole, ang/p,
are the electron/hole concentration when the quasi-Fer
level is positioned at the trap energy level. Sinog
>n;,nq¢,p; for moderate injection, we have the correspond-as . .

ing current componentl ggy=n-p/(7Tn+ 7pp)<exd (V' |Sp0no<f de(w)f do'L(w,0)r%w’), (3)
—Eg)/2kgT]. 7, , may be quite process dependent and range 0 0

from a few nanoseconds to several hundred nanosecondihere 7(4) is the photon density of states at angular fre-
The Auger recombination current is typically modeled by quency o, and L(w,»') is a Lorentzian-type broadening

| aug= Cn~n2-p+Cp-n-p2. 2 function. The unbroadened spontaneous emission density
P .
rater”(w) is expressed as

tructure by using an eight-bakdp method® In MINILASE,
the QW spontaneous emission current is carefully modeled

The Auger coefficientﬁ:n,_p account for processes where the ro(w)ocz > |Mic’,jv|25(Eic,k_ Ej}‘k_ﬁw)

second electron/hole gains the energy, respectively. Usually, ok

C, is much smaller thaf,. Based on the same assumptions i i

H P H ’ ><ft’:(Ec k)fv(E k)! (4)

as made earlier, we approximately haygq>exd(3/2)(V ' v,

—Ey)/kgT]. The importance of the Auger process dependsvhere the summations go over conduction and valence sub-

strongly on the material system, and there is a wide range fdrands and k-spac# ¢, is the optical matrix element, and

Cp: 3.5x10 %*-~0.9x10 #cnPs ! for GaAs and In- f, are electron and hole occupation factors, respectively,

GaAsP QWs operating between 850 and550 nm’ When  obeying Fermi—Dirac statistics, and tiédunction is for en-

the carrier injection is high, so that the lasing threshold isergy conservation. The SRH and Auger recombination pro-

approached, the power law dependence of the recombinatiaesses are modeled by E¢s) and(2), but the realistic QW

current on the carrier density is still valid. However, the QWband structure as well as Fermi—Dirac statistics are used for

carriers become degenerate and the use of the Fermi—Dir@omputing the carrier density.

distribution function becomes necessary. The QW carrier The measured and simulatédV curves are shown in

density then increases adnxA[(V'—Ey)/2kgT], and Fig. 2. The series resistance associated with the top and bot-

therefore the recombination currents tend to deviate frontom distributed Bragg reflector®BRS) contributes to the

their exponential dependence wh. device voltage drop, which is included in the measurement
In order to quantify the approximate analysis just pre-of the total voltageV. MINILASE models the DBR stacks as

sented, we have performed detailed electrical measuremertisilk regions with artificially low mobilities. In Fig. 2, the

as well as comprehensive device level simulations for 98@lifference in the slope of thie-V curve between experiment

nm VCSELs with double-oxide confined apertuféghe ac-  and simulation corresponds t016 () series resistance. This

tive region consists of three 80 A InGaAs QWs. The cavity isdifference is likely due to the contact and substrate series

of 1—\ thickness and the SCHs are composed of linearlyresistance, which is not included in the simulation.

graded AlGaAs. The QWs and SCHs are undoped, but the The intrinsic voltage across the QWs is the principle

oxide apertures are moderately doped at a density dhterest in this work, and it is not affected by the value of

10 cm™3. The size of the square oxide aperture is 4.5series resistance. The intrinsic voltage is calculated/as

X 4.5 um?. An Agilent 4156 semiconductor parameter ana-=V—IR, where the series resistanBg is obtained from

lyzer has been used to obtdirV measurements. The simu- linear fitting of thel—V curve above the threshofdThe

lation work is based ommINILASE laser diode simulator, |-V’ curve is also plotted in Fig. 2 for both experiment and

which models the carrier transport and various recombinasimulation, and a good agreement is observed. The exponen-

tion mechanisms in det8ibnd also computes the QW band tial -V’ dependence is evident below laser threshold
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FIG. 3. Measured and simulated turn-on current and intrinsic voltage der|G. 4. Simulated current components associated with various recombina-
pendence. Different recombination parameters are used in the simulationgjon mechanisms against the total voltage bias below the threshold. In the

simulation,C,=0.1x 10" % c®s™* and rgg= 20 ns.

(~0.7 mA for this samplg andV" is almost pinned due to . due to the wide bandgap. It is also shown in Fig. 4 that the

strong stimulated recombination above the threshold. It ISRH current plays a relatively larger role at low carrier den-

H H !
shown in Fig. 2 thav” actually decreases by a small amountgisies while the opposite is true for the Auger current. There-

when the operating current rises to very high values. This '3 re, contributions of different recombination processes to
probably caused by the bandgap shrinkage because the Q the threshold can be evaluated from the turnkeiv behav-

are heated up at higher bias. The self-heating effects are M€, 1t can be concluded from Fig. 3 that the spontaneous

“g'ble below the threshold. , - emission current is the dominant threshold component for
_ Figure 3 shov_vs the turn-oh-V characterlstlcs,_as ob_- the VCSEL samples used in this study.

tained from detailed measurements as well as simulations | summary, we have studied the electrical turn-on char-

mr(i!ugmg dgferent iRH and Au%er recgn;bmeTltrl]on _ratels’acteristics of VCSELs both experimentally and by simula-
which vary by an order or more of magnitude. 1he simula~;,, - \ve have demonstrated that distinctively different

tion shows excellent agreement with the experimental resul;i

hen SRH and A binati : 1o b |urrent—voltage dependencies are associated with spontane-
when and Auger recombination ra észsare ;:"e,lo € SM&us, SRH, and Auger recombination processes. Based on this
(Th=7p=7sry=200 ns andC,=0.1X10"““cm’s 7). In

observation, the influences of these recombination mecha-

this case, the spontaneous emission is the dominant Proc€s8ms on the VCSELS' threshold current are investigated.

that contributes to the threshold current. If an ideality factor.l.his approach enables extraction of important information

n |sth|ngiducedvt/o_(l:zha}racglgrlze thﬁ exp?vnlerétlalhdeper\l/c\j/encgn optical and thermal properties of laser diodes from direct
so thatl e exl( g/nkeT], we haven~1.3 when Q electrical measurements. It is also expected to be useful in

carriers are nondegenerate. As the carrier injection increas%ﬁaracterizing the crystal quality of QWs and SCH regions in
and QW carriers become degenerate, a deviation from th

: . . faser diodes.
exponential dependence is clearly observed. If we increase

the QW SRH recombination rate in the simulationgsy The authors thank D. Grasso for his assistance during the

=20 ns, the resultarit-V’ curve shows qualitatively differ- device measurements. One of the authf¥rk.) is grateful to

ent behavior at low biasn=2), as shown in Fig. 3. This is Prof. R. Dutton at Stanford for his support. Two authors
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