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Gain modulation of unbiased semiconductor lasers: 
ultrashort light-pulse generation in the 0.8 pm-1-3pm 
wavelength range 

D. BIMBERG~,  K. KETTERER~,  E. H. BOTTCHER~ 
and E. SCHOLLf 

Stable production of 15ps pulses having a peak power of 200mW from fully gain- 
modulated, unbiased GaAs double-heterostructure and multiple-quantum-well 
lasers emitting in the 0.8pm-0.9pm wavelength range and from InGaAsP double 
heterostructure lasers emitting in the 1.2pm-1.3 prn range is reported. The short- 
est pulses obtained from GaAs DH lasers show a width as small as 2ps.  the 
optical pulses represent the first relaxation oscillation of the laser. Special double 
avalanche generators are developed to produce large injection-current pulses with 
widths down to 125ps at repetition rates up to 10 MHz. Numerical and approx- 
imate analytical solutions of a coupled-rate-equation model of a semiconductor 
laser incorporating bimolecular recombination and realistic injection current pulse 
shapes are presented. The theoretical predictions are found to be in excellent 
agreement with the experimental results. 

1. Introduction 

The development of sources for the generation of 2-15ps light pulses in the 
0.8-1.3 pm wavelength range from unbiased gain-modulated semiconductor lasers is 
reported in this paper. 

High-speed semiconductor light sources generating ultrashort pulses with a half- 
width of a few picoseconds and a peak power equal to  or possibly larger than the 
CW power are essential for a broad range of quite different applications. These 
applications include high-bit-rate optical communication, ultrafast optical signal 
processing, optical sources for optical electronics, ps time-resolved spectroscopy, 
optical printer, optical disc, digital audio disc and laser ranging. 

Following the development in other areas of quantum electronics, i t  has been 
well established for a number of years that picosecond and subpicosecond pulses 
can be obtained by active or passive mode locking of semiconductor laser diodes in 
external cavities (Ho et al. 1978, Ito et a / .  1980, Holbrook et al. 1980, Ippen et al. 
1980, van der Ziel et al. 1981, van der Ziel 1981, Tsang et al. 1983, Lundquist et al. 
1983). With active mode locking a pulse width of 5 . 3 ~ ~  has been obtained (van der 
Ziel 1981), while with passive mode locking pulses as short as  0.65 ps were reported 
(van der Ziel et al. 1981). For most important applications, however, such pulses are 
quite impractical, since they are always emitted in a continuous train without the 
possibility of a large variation of the repetition frequency. Gating of individual 
pulses has been achieved only recently (Tsang et al. 1983) by using the quite 
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24 D. Bimberg et al. 

complex arrangement of a cleaved-coupled-cavity (C3) laser. Furthermore, an exter- 
nal cavity has to be used, which is difficult to adjust and sensitive to temperature 
variations and/or mechanical vibrations. The length of the external cavity deter- 
mines the repetition rate. 

Gain switching by direct modulation of the injection current is the other basic 
method for producing ultrashort optical pulses. N o  external cavity is needed, and 
the repetition rate can be easily varied up to an f,,, which depends on some of the 
properties like the threshold current I, of the particular laser used for the experi- 
ments and on the characteristics of the injection-current circuit. Using normal GaAs 
and InGaAsP double-heterostructure lasers, pulse widths of 25 ps-35ps have been 
obtained (Ito et al. 1979, White et al. 1985, Lin et al. 1984, Onodera et al. 1984) by 
prebiasing the laser to values 0.51,-21, and superimposing a high-frequency current. 

It is worth pointing out that Fourier-transform-limited single-mode 
(AI  = 0.7 nm) pulses of 35ps width were observed from lnGaAsP distributed feed- 
back lasers. (Onodera et al. 1984). Coherence is apparently not degraded by short 
pulse generation if a suitable laser of advanced technology is utilized. N o  systematic 
search, however, for pulses of minimum width was reported in this work. 

A prebias of the order of O.sI,-2I, has at least two basic disadvantages. The laser 
is continuously subjected to heating from the bias current. The amplitude of the 
additional current pulses that can be employed is thus limited to avoid thermal 
destruction and the lifetime of the laser is degraded. Furthermore, there is a contin- 
uous emission of incoherent or coherent light, depending on this bias, which is most 
unwelcome for almost any applications. 

Direct AC excitation is actually simpler and avoids these drawbacks. Pulse 
widths of 28 ps (Au Yeung 1981) and-most excitingly-repetition frequencies up to 
1 1  GHz have been reported recently (Lau et al. 1984, 1985) for most advanced GaAs 
window buried heterostructure lasers on a semi-insulating substrate. N o  pulse- 
width measurements were reported for the latter case. The half-width of the injecting 
sine half-wave depends of course on the repetition frequency. Thus the pulse width 
of the optical pulse changes with the repetition frequency. This disadvantage can be 
avoided by employing discrete pulse generators producing short electrical pulses 
with an on/off ratio much less than one. 

Preliminary experiments with unbiased proton-implanted double- 
heterostructure GaAs lasers which were triggered by single avalanche generators at 
a repetition rate of up to 10 MHz lead to the observation of 23 ps pulses (Klein et al. 
1982b). These were the shortest pulses produced hitherto by gain modulation of a 
semiconductor laser. A theoretical analysis (Scholl et al. 1984) identified that the first 
relaxation oscillation (and, depending on the injection current, subsequent ones) of 
the laser accounts for the short optical pulses observed. A number of theoretical 
simulations of the light output of a conventional GaAs D H  laser under various 
injection conditions suggested that generation of lops  pulses having a peak power 
of lOOmW or more should be feasible if the laser is triggered electrically in such a 
way that only the first relaxation oscillation is emitted. Indeed, reproducible gener- 
ation of such pulses has now been achieved for three completely different types of 
lasers in both the 0.8-0.9p-n and 1.2-1.3pm wavelength ranges, as will be reported 
in this paper. 

The paper is organized as follows. In $2 the theoretical background is briefly 
summarized. The results of further numerical simulations based on realistic par- 
ameters of GaAs double-heterostructure (DH) and multiple-quantum-well (MQW) 
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Ultrashort light-pulse generation by semiconductor lasers 25 

lasers are given, together with analytical solutions for the dependence of the delay 
time between electrical and optical pulse, the pulse width and the peak power on the 
amplitude of the injection current pulse. Although these solutions are approximate, 
and thus quantitatively less accurate than numerical solutions, they provide deeper 
physical insight. 

The generation of the electrical pump pulses and the detection of the optical 
output pulses of the lasers in two completely different wavelength ranges are the key 
experimental issues of this work, and will be reported in & 3  and 4. Pulse detection 
in the 0.8-0.9pm range is performed using a single-shot streak camera with high 
temporal resolution and subsequent digital data acquisition. A fast Ge/GaAs het- 
erostructure photodetector in conjunction with a fast sampling scope is used for 
detection in the 1.2-1.3pm range. 

In 5 5  we report results on ps-pulse generation employing GaAs DH, GaAs 
M Q W  and lnGaAsP D H  lasers. For the first time we observe from all lasers stable 
10-15 pulses, and in the case of the GaAs D H  laser even 2ps  pulses, using gain 
switching without prebias. Some preliminary results of GaAs D H  lasers were recent- 
ly given elsewhere (Bimberg et al. 1984). 

2. Theory 
First the fundamentals of a non-linear-rate-equation model developed recently 

by SchoI1 et al. (1984) are summarized. This model is numerically evaluated, insert- 
ing injection-current pulse shapes that approximate the experimental ones and 
varying a number of fundamental laser and excitation parameters. One result of 
general importance is the existence of a maximum current density amplitude J,,, for 
a given injection current shape and a given laser: J,,, is defined as that current 
density for which the optical peak power is maximum, the halfwidth of the first 
relaxation oscillation is minimum, and simultaneously the second and higher relax- 
ation oscillations are suppressed. Then we present approximate analytical solutions 
for the four most important quantities: the photon peak power N,,,, the delay time 
T between the first and second relaxation oscillation, the delay time T, between the 
electrical and the optical pulse, and the width t,,,, of the first relaxation oscil- 
lation. 

The emission of a semiconductor laser is modelled by a set of coupled rate 
equations for the temporal evolution of the photon density N and the electron 
density n (Scholl et al. 1984). Mode couplings and the diffusion of carriers are 
neglected. The following processes are taken into account: 

(i) Stimulated emission and absorption of rate gN, where g = B(n - n,,) is the 
gain, n is the electron density in the n-doped laser active region, and n,, is 
the carrier density to  achieve transparency; N is the photon density; 

(ii) spontaneous emission into the lasing mode of rate Bnp, where p = n - N ,  is 
the hole concentration in the laser active region; we have assumed an effec- 
tive donor density N,; 

(iii) non-radiative transitions and spontaneous emission into non-lasing modes 
of rate Dnp; 

(iv) photon dissipation by cavity loss, scattering, etc., of rate K N ;  

(v) pumping through a time-dependent injection-current pulse of given current 
density J(t). 
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26 D. Bimberg et al. 

Other excitation processes like thermal excitation are neglected. B, B and D are rate 
constants of dimension cm3 s- ' ,  K - I  is the photon lifetime (in s). 

The resulting rate equations are 

N = B(n - n,,)N + B(n - N,)n - K N  ( 1  a) 

where e is the elementary charge and L is the thickness of the laser active layer. The 
electron density n, and the injection current density J, at  the CW laser threshold are 

n, = n,, + K / B  (2) 

~ 1 6 ~  
4.8 
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Figure I .  Phase portraits of photons and electrons with (a) step-function injection current 
Jo 8.6J,, (b), (c) J gaussian with Jo = 8-55,. to = 500ps, t, = 250~s .  t ,  = 280ps. The 
material parameters are D = 1.5 x 10-10cm3 s-I, BID = lo-', n,, = 1.3 x 1 0 L B ~ m - 3  
and (a), (b) n, = 6.5 x 1018~m-3,  N D  = 6.5 x lo1' cm-), K - I  = 1.25 ps, ( c )  n, = 2.6 

x 1018cm-3, N ,  = 2.0 x l O " ~ m - ~ ,  K - '  = 0 . 2 ~ ~ .  The trajectory corresponding to 
the initial thermal equilibrium N = 0, n = N ,  is shown. The electron and photon den- 
sities are in units n , .  
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Ultrashort light-pulse generation by semiconductor lasers 27 

and 

We have computed numerical solutions of (1) for a number of material param- 
eters and different shapes of the applied injection current pulse. Figure 1 shows 
phase portraits of the electron and photon densities n(t), N(t) for two different injec- 
tion currents and two different sets of material parameters, corresponding to typical 
values for GaAs double-heterostructure lasers (Boers et a/. 1975, Chik et al. 1980, 
Hwang er al. 1973). Figures I(a) and (b) are plotted with D = 1.5 x 10-10cm3 s-I ,  
BID = = 1.5 x 10-'cm3s-', N, = 6.5 x 10"c11-~, K - I  = 1.25ps, n,, = 
1.3 x 1018cm-3, which yields 11, = 6.5 x 1018cm-3 and J, = 2.7 x 104Acm-2 
(L = 0.3 pm). 

Figure I(c) is plotted with the same values of D, BID, n,,, but with smaller values 
of the donor concentration and the photon lifetime (N, = 2 x 1 0 " ~ m - ~ ,  
K - I  = 0.2ps, B = 3.8 x 10-6cm3s-1), which yields n, = 2.6 x 1018cm-3 and J, = 
0.45 x 104Acm-2 (L = 0.3pm). These values are representative for the lasers used 
here. 

The phase portraits of Figs. I(aHc) show the flow n(t), N(t) of electrons and 
photons starting at time t = 0 from the phase point (n = N,, N = 0). This point 
corresponds approximately to thermal equilibrium, where the electron density is 
equal to the doping concentration, and the photon density is negligible. Figure I(a) 
represents the case of a step-function injection-current density. The time delay 
between the instantaneous increase of electron density and the delayed response of 
the photon density is clearly seen. The relaxation oscillations and the decrease of 
their amplitude with increasing time towards a steady-state value are nicely visual- 
ized. It should be noted that the current density chosen for this phase portrait is 8.6 
times the threshold current density J , .  The highest value the electron density 
reaches ( -  1,2n,) is much below that ratio. 

Figures I(b) and (c), in contrast, represent the transient case of an injection 
current pulse. An asymmetric gaussian is chosen, in order to allow for rise and 
decay times t, and t, respectively, independent of each other. The current density is 

Jo  exp {-[(t - tO)/t,l2} for t < lo 
J(t) = 

Jo exp {-[(t - to)/tr]2) for t > to (4) 

approximating well the experimentally used current shape (see § 3). The peak current 
density versus threshold ratio Jo/J, = 8.6 is the same as in Fig. I(a); t ,  = 250 ps and 
t, = 280ps are used. The phase portrait shows that, in contrast with Fig. l(a), fewer 
relaxation oscillations occur, decaying faster in amplitude. Finally the system in the 
phase plane relaxes from n = n,, N x 0 to the initial equilibrium point n = N,, 
N = 0 along the n-axis. This corresponds to the decay of the electrons to thermal 
equilibrium on the slow time-scale (DN,)-'. 

A comparison of the first relaxation oscillation of Fig. l(a) with the first relax- 
ation oscillation of Fig. l(b) discloses a great similarity. Indeed, numerical calcu- 
lations with a large number of different injection-current pulse shapes show that the 
shape of the first relaxation pulse is largely independent of the rise time of the 
current, as long as the time when the peak injection current occurs is roughly 
matched to the delay time. 

Figure 2 shows the normalized photon density of the laser pulses (relaxation 
oscillations) versus time for various peak current densities Jo and fall times t,, and 
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zoo boo 600 800 

TIME (psj 
Figure 2. Photon concentration in units of n, versus time as numerical solution of the rate 

equations (I) with the same material parameters as in Fig. L(c). The injection current is 
modelled as gaussian according to (4) with I ,  = 500ps, t ,  = 250ps. (a) t ,  = 1 5 0 ~ s .  
J, = 8.65,; (b) 2 0 0 ~ s ~  865,;  (c)  280ps, 8.65,; (4) Bops,  7.65,; (e) 280ps, 6.75,. 
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Ultrashort light-pulse generation by semiconductor lasers 29 

the same material parameters as Fig. l(c). In Figs. 2(a)-(c) t, increases from 150ps to 
280 ps at constant J,, and in Figs. 2(c)-(e) J,/J, decreases at constant t, from 8.6 to 
6.7. For values of t, < 150ps a t  J,/J, = 8.6, or values of J,/J, < 6.5 at t, = 280 ps, 
no laser oscillations occur at all. For a sufficiently slow current falltime t, and sum- 
ciently large J,/J, several relaxation oscillations are emitted (Figs. 2(bHd)). The 
peaks of these successive oscillations increase with increasing J,/J,, and increasing 
t,. The relative magnitude of successive peaks decreases here more rapidly than after 
step-function excitation, and their halfwidth becomes successively broader. 

In Fig. 3 photon and electron densities are shown together with the injection- 
current pulse for a wider range of peak current densities J, and the same current 
shape as in Figs. 2(c)-(e). The large increase in the number and the peak values of 
the laser spikes with increasing J, is nicely seen. In Fig. 4 an analogous plot is 
presented for a different injection-current pulse shape with a faster decay appropri- 
ate to experiments reported here (cf. Fig. 9 below). There exists a minimum value 
jmin of j , ,  considerably larger than the CW threshold j ,  = 1, below which no laser 
emission occurs. This effective threshold of the laser at which light emission occurs 
is pulse-shape dependent and is much higher in Fig. 4 than for the longer pulses of 
Fig. 3. On the other hand, the first relaxation oscillation is narrower, and the con- 
trast (peak ratio of the 1st and 2nd oscillation) is much larger. 

For a Gaussian pulse shape (4) the width (FWHM) of the current pulse t,,, is 
related to t ,  and t, by 

tlI2 = (In 2)'I2(t, + t,) = 043(t, + t,) (5) 

TIME (ps) TIME Ips) 
Figure 3. Figure 4, 

Figure 3. Photon concentration N (curve I), electron concentration n (curve 2). and injec- 
tion current 5 (curve 3) versus time for the material parameters of Fig. l(c) (numerical 
solution). The injection current is modelled as gaussian according to (4) with to = 500 
ps, t ,  = 250 ps, t, = 280 ps. N is in units of nJ100, n is in units of n,, and 5 in units of 
5,. (a) 5, = 6.75,; (b) 7.65,; (c) 8.65,; (d)  10J,; (e) 145,; (f) 205,. 

Figure 4. Same as in Fig. 3, but with t, = 120 ps, t ,  = 83 ps. (a) 5, = 165,; (b )  185,; (c) 205,. 
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30 D. Bimberg et al. 

With the material parameters of Fig. 2, the 'effective laser threshold' jmi" corresponds 
to jmin % 15 for t l I 2  = 170ps (Fig. 4), jmin % 8.5 for t , / ,  = 330ps (Fig. 2(a)) and 
jmi" % 6.5 for f l i t  = 440ps (Fig. 2(e)). For much longer t , / ,  jmin tends to the CW 
value j, = 1, whde for much shorter t l 1 2  the minimum peak injection current jmi" 
becomes infinite, i.e. no laser action is possible for any peak current, because the 
duration of the current pulse is too short to drive the electron density beyond the 
threshold value n , .  The shift of the effective laser threshold jmin with rl12 as predicted 
by our model is in good agreement with our experimental findings (Fig. 15). With 
increasing ratio j,: = J,/J, in the range 6 Q jo Q 25: 

(i) the FWHM of the first relaxation oscillation decreases sharply well below 
lops ;  

(ii) the delay time T, of the first light pulse decreases slowly but remains at 
several hundred picoseconds; 

(iii) the time difference T between subsequent relaxation oscillations decreases 
down to the 40ps range, depending on the details of the exciting current 
pulse; 

(iv) the peak power (proportional to the peak photon density N,,,) of the laser 
pulses increases less than linearly. 

Figures 5(a)-(d) show explicitly the dependence of delay time T,, the spacing of 
the first two relaxation oscillations T, the width of the photon pulse t,,,, and the 
amplitude of the first relaxation oscillation N,,, on the normalized peak injection- 
current density for the material parameters and current pulse shape of Fig. I(c). Of 

Figure 5. delay time r , ,  width of the photon pulse t,,,, spacing of the first two relaxation 
oscillations T, and amplitude of the first relaxation oscillation N,,, (= peak power in 
arbitrary units) as a function ofj, (numerically calculated, j, = J , / J , ;  parameters as in 
Fig. I(c)). 
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course the absolute values of the quantities shown here depend largely on material 
parameters of the laser. 

We would like to emphasize a t  this point one important consequence of these 
results for all practical applications. For a given laser and a given injection pulse 
shape there exists exactly one peak current density J,,, that produces a single light 
pulse with optimized properties-minimum halfwidth and maximum peak intensity. 
Just one relaxation oscillation is emitted for J,,, . For J > J,,, the second and higher 
relaxation oscillations appear, and for practical applications the 'effective halfwidth' 
of the asymmetrical envelope of the pulse train has to be used, which is of course 
much larger than the halfwidth of the first relaxation oscillation at J = J , , , .  For 
J < J,,, the pulse amplitude rapidly decreases and the halfwidth increases according 
to Fig. 5. Comparing Figs. 3 and 4, it is evident that J,,, depends strongly on the 
injection pulse shape. The injection pulses of Fig. 4 result in much narrower pulses 
than the pulses of Fig. 3. 

We have also used other sets of material parameters in order to check the sensi- 
tivity of our numerical results to these values. In Fig. 6 the relative spontaneous 
emission coefficient BID has been varied. An increase of the spontaneous emission 
coefficient BID by a factor of 10 (Fig. 6(a))  increases t,,,, by one third and 
decreases N,,, by one third for jo  = 10. Further increase of BID eventually sup- 
presses the relaxation oscillations altogether-an effect that has already been 
pointed out previously (Boers et al. 1975). 

Variation of the doping concentration N ,  over several orders of magnitude (Fig. 
7) produces only slight changes in the laser pulses. For instance, by increasing N ,  
from 4 x 1016 to 101Bcm-3, the pulse width t,,,, is increased from 6.5 to 8.5 ps at 

TIME (ps) 
0 500 1000 

TIME (ps) 

Figure 6. Figure 7. 

Figure 6. Same as in Fig. 3, with J ,  = lOJ, and BID varied: (a) BID = lo-'; (b)  
( c )  . . 

Figure 7. Same as in Fig. 3, with Jo = 10J, and N ,  varied: (a) N ,  = 4 x 10'6cm-3; (b)  
1018cm-3. 
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J, = IOJ,. An increase of D or ti decreases all relevant times significantly (r,, T, 
~FWHM). 

In order to gain deeper physical insight into the'mechanism of the laser pulse 
generation, we have obtained analytical expressions for the delay time and the width 
of the laser pulse (Scholl et a/. 1984). First, solutions of (1) in terms of phase por- 
traits for the flow n(t) and N(t) (Fig. I )  are discussed in more detail. 

Neglecting spontaneous emission into the lasing mode ( B  = O), the steady-state 
(n*, N*) of (1) for a constant current is given by 

for J < J, (below threshold) and by 

for J > J,. For fixed J the Row of photons N(t) and of electrons n(t) is always 
directed towards the appropriate steady state, which is therefore always stable. 

The question of the path in the (n, N)-plane by which the steady state (n*, N*) is 
approached can be answered by linearizing around this steady state and solving the 
rate equations explicitly in its neighbourhood. For physically reasonable material 
parameters, all trajectories spiral around the steady state (N*, n*) in the phase 
plane. 

For a time-dependent J the whole flow picture of the phase portrait changes as 
time passes on. Hence, in contrast with the standard phase portraits for auto- 
nomous systems of differential equations, a trajectory (n(t), N(t)) can intersect itself 
as shown in Fig. I(b). 

Initially, at t = 0 we have J = 0, and hence by (6) the steady state is N* = 0, 
n* = N,. As J increases, the steady state first moves along the n-axis, and then, 
above threshold, along the line n = n,, by (6). The flow is directed away from the 
initial point N* = 0, n* = N, as indicated in Fig. 1. The increase of photons by (1 a) 
is negligible as long as n < 11, and the electron number n(t) increases by (1  b) with 
N m 0. If the current density J(t) rises sufficiently fast on  the time-scale of the elec- 
tronic transitions, the phase point (n(t), N(t)) remains at suflicient distance from the 
actual steady state (n*, N*) in the phase plane. Hence the recombination term in 
( I  6) may be neglected, and n(t) is given approximately by 

n(t) = N, + Dn,(n, - N,) (7) 

where f(t) is the current shape function. 
The delay time r, for the onset of the photon pulse can be defined by n(r,) = n,. 

For a step-function injection current, i.e. instantaneous rise of the current to its 
maximum value, it follows from (7) that 

riteP z (Dn, Jo/J,)- ' (8) 

For current pulses with a finite rise time, such as in (4), one finds 

where t: is the asymptotic value of r, for large jo = J,/J,, and depends upon the 
detailed pulse shape, but not on the peak value jo . 
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Ultrashort light-pulse generation by semiconductor lasers 3 3 

Quite generally, the approximations (a), (9) are valid for large j, as used in our 
experiments. Owing to the neglect of recombination, the approximate delay times 
are slightly too small. For the parameters appropriate to our experiments (see 
caption of Fig. I(c)) the error as compared with the numerical solution (Fig. 3(a)) is 
8% for j, = 7, 5% for j, = 7.6 and below 2% for j, 2 10. Note that in the case of 
step currents more sophisticated expressions for T, are available ('t Hooft 1981, 
Dixon et a/. 1979). 

For n > n, stimulated emission becomes effective, and the photon number 
increases. Relaxation oscillations are initiated. During each of these the current J(t) 
may be approximated by an appropriate constant value J .  From (I), linearized 
around the steady state (n*, N*) for fixed J x J , ,  one finds oscillatory solutions 
6N(t), 6n(t) - exp (-1.0 exp (-iwt) (6N:= N - N*; 6n:= n - n*) with damping 
constant 

1. = - (24  - ND) 1 - - + (n, - ND)fj0 - 1) 
K [ ( '3 I 

and period 

T = - - = 2 n  n, - "th 21 

[(Ill - ND)Dnt KO, - 1) I"' for DND < KnJ(n, - n,,) (1 1) 
W 

Thus in a linear approximation the first relaxation oscillation for I. < w would be 
approximately an ellipse centred around the steady state (n*, N*) in the phase por- 
trait with peak photon density 2N*. However, from the phase portrait (Fig. I(a)) it is 
obvious that the peak photon concentration N,,, is drastically increased by the 
non-linearities in (I), such that the FWHM becomes essentially shorter than T I  
2 = nlo.  This effect is the stronger, the larger ids.  

An approximation of the non-linear FWHM can be computed by retaining, in 
the photon rate equation, in addition to  the terms arising from the linearization 
around (n*, N*), the full non-linear gain and loss terms. An exact first integral of the 
rate equations can then be obtained. If  the second integration is carried out approx- 
imately up to  lowest order in the small parameter N*/6N, the following FWHM is 
found: 

For Fig. 2(c), for instance, this means f,,,, % 0.4 x T/2. 
Obviously this approximation is good if N8/(N,,, - N*) is small, i.e. for a large 

overshoot of N,,, over N*, as is the case for large j,. For the parameters appropri- 
ate to our experiments there is excellent agreement with the numerical result, the 
error being less than 6% for j, 2 7.6 in Fig. 3(c). 

Alternative approximations of t,,,, were given by van der Ziel and Logan 
(1982) for combined D C  and microwave current injection. Their analytical approx- 
imations are valid for D C  currents close to  threshold (j, = I), and are thus comple- 
mentary to  our calculations. 

The peak photon concentration N,,, and thus the relative peak optical power 
can be calculated approximately from the non-linear rate equations: 
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34 D. Bimberg et al. 

where N(r,) corresponds to the photon density at CW threshold. N(s,)  is governed 
by the spontaneous emission factor BID, and increases with increasing ratio BID. 

3. Elec8rical pulse generation 
The numerical simulations of 52 have shown that the halfwidth, the intensity 

ratio and the number of the relaxation oscillations depend on the detailed shape-in 
particular the fall time t ,  of the current pulse. A number of different single and 
double avalanche generators were developed by us to allow for experiments with 
widely varying current pulse rise and fall times. 

Single avalanche generators similar to  the one described by Klein et al. (1982b) 
can be used to  produce pulses of width larger than 400ps and amplitudes of 15- 
20 V. Much larger amplitudes up to 50V and halfwidths down to 125ps are pro- 
duced with double avalanche generators of the outlay displayed in Fig. 8. 5 0 0  
microstrip lines on epoxy material are used. The length of the pulses is essentially 
determined by the length of the load line of the second transistor and by the length 
of the strip of the short circuit. For a given length of the load line the falling edge of 
the pulse can be modelled and made steeper by a suitable superposition of the 
primary and the reflected wave, i.e. by a proper choice of the short-circuit microstrip 
length. The transistors used are selected commercial types allowing for a maximum 
repetition ratefm,, of 5 . . . 10 MHz. 

This limit is imposed by the rapidly increasing amount of heat dissipated in the 
circuit, and is certainly still orders of magnitude below the maximum repetition rate 
of the laser. Preliminary experiments with other types of circuits showed that f,,, is 
certainly higher than 0.5-1 GHz. The avalanche circuit is triggered directly by a 
Wavetck 191 pulse generator. The amplitude of the injection pulse is varied by 
inserting commercial microwave attenuators in steps of 0.5 dB between the laser and 
the pulse generator. 

Figure 8. Layout of the double avalanche generators used for the injection pulse generation. 
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Ultrashort light-pulse generation by semiconductor lasers 

Figure 9. Voltage/time dependence of three typical injection pulses used in the course of 
these experiments produced by a simple avalanche generator (I,,, = 400ps) and by 
double avalanche generators ( t , , ,  = 200, 125 ps). 

In Fig. 9 typical pulses of two different double avalanche generators are shown 
together with a pulse from a single avalanche generator. The pulses from the double 
avalanche generators show two peculiarities which turned out to be helpful: 

a small precursor pulse, and 
a fast switching from negative to positive voltage (forward to reverse bias). 

The pulse shapes were measured on a 50f l  load using a fast-sampling oscilloscope. 
The actual current pulses that inject charge carriers into the active region of the 
laser have a shape different from the voltage pulses. The electrical characteristics of 
the laser, in particular the depletion and the diffusion capacitance and the actual 
I-V dependence have to be taken into account. Typical values of the depletion and 
the diffusion capacitances are 4G100pF and 5 n F  respectively. A time delay 
between the voltage and the current occurs, mainly due to the depletion capac- 
itance. Both types of capacitance modify the rise and decay times, in opposite ways. 

Figure 10 shows the result of a numerical simulation. The voltage pulse having a 
halfwidth of 200 ps is taken from Fig. 9 (without precursor). Figure 10(a) shows the 

0 

TIME lpsl 

Figure 10. Pulse generator voltage U, and calculated laser diode current I ,  assuming (a)  
depletion capacitance of unbiased pn-junction C, = 100pF; (b) C, = lOOpF and diffu- 
sion capacitance C, = 5 nF. Inclusion of C, results in a phase shift of I ,  relative to U,. 
inclusion of C, additionally strongly damps and broadens I,. 
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36 D. Bimberg et al. 

pulse-narrowing effect of the depletion capacitance, and Figure 10(b) shows the 
broadening effect of the diffusion capacitance. The small positive (reverse) pulse after 
the main pulse helps to shorten the current decay time. The precursor (its effect is 
not shown here for sake of simplicity) reduces the delay between current and voltage 
pulse. 

4. Optical pulse detection 

Injection lasers emitting in the wavelength regions 0.8-0.9pm and 1.2-1.3pm 
are investigated. Two completely different types of experiment are used to detect the 
optical pulses in the different regions. 

4.1. A single-shot streak-camera system 
Figure 1 1  shows a block diagram of the optical pulse generation and detection 

system employing a single-shot streak-camera system. The pulsk generator was dis- 
cussed in 93. The laser, connected to the avalanche generator by a microstripline 
technique, is placed on a Peltier element permitting the control of the temperature 
between O"C and 70°C with a resolution of 0.IoC. This Peltier element does not only 
help to avoid thermal heating effects. It also allows a continuous control of the peak 
injection current to threshold current ratio. This ratio is coarsely controlled and 
altered in steps by inserting commercial microwave attenuators between the laser 
and the pulse generator. Fine control is achieved by a variation of the laser tem- 
perature via the Peltier element. The threshold current of a laser shows an exponen- 
tial temperature dependence. This fine tuning turned out to be crucial for a number 
of experiments, as will be seen in 8 5. 

The light output of the laser is focused onto the screen of a Hadland Imacon 500 
single-shot streak camera with S25 extended-red cathode having a sensitivity of 
5.6mA/W at 8OOnm. The camera is fibreoptically coupled to a 'streak intensifier' 
consisting of a channelplate. The signal of the streak intensifier is finally detected by 

single shot reticon + 
streak cornera controller 

Figure I I .  Block diagram of computer-controlled single-shot streak-camera 
1.8 ps time resolution. 

set-up with 



D
ow

nl
oa

de
d 

B
y:

 [T
U

 T
ec

hn
is

ch
e 

U
ni

ve
rs

ity
 B

er
lin

] A
t: 

14
:3

4 
24

 A
ug

us
t 2

00
7 

Ultrashort light-pulse generation by semiconductor lasers 37 

a 512 pixel reticon from Princeton Instruments, which is again equipped with a 
channelplate. The total system sensitivity allows the detection of about 103 photons 
in a single 2ps  pulse at this wavelength. The time resolution of the present system is 
1.8 ps. 

The signal from the reticon is rapidly transfered to a 280 microprocessor acting 
as a buffer, and eventually stored, plotted, displayed, averaged etc. using a DEC LSI 
11/23 computer with multiuser operating system. A trigger logic selects single pulses 
from a variable-frequency pulse generator to trigger the streak camera via a variable 
delay in such a way that the optical pulse falls into the streak window. 

4.2. A fast semiconductor photodetector system 

The sensitivity of the photocathode of the present streak camera drops sharply 
towards zero at z900nm. For longer laser wavelengths a different detection system 
is employed, based on a semiconductor photodetector (see Fig. 12). This photo- 
detector (see inset on Fig. 13) consists of a 2.6pm thick layer of nominally undoped 
Ge  (n - 2 x 101'cm-'), grown on top of a semi-insulating GaAs substrate by 
vapour-phase epitaxy (Krautle et al. 1983). The dimensions of the photosensitive 
area are restricted to 6pm x 30pm by contact and mesa etching. The structure and 
the mounting of this germanium photodetector are similar to those of the planar 
GaAs and Ga,In, -,As photodetectors, reported previously by Klein et al. (1982a). 
A voltage of 6 V is applied to the photodetector by means of a broadband micro- 
wave bias network (HP 33150A). 

Microscope objectives are used to focus the laser light on the sensitive area of 
the photodetector. The size of the laser spot on the detector surface is viewed by an 
IR sensitive vidicon and is adjusted to a diameter of about 3pm. In order to deter- 
mine the response of the detection system independently of the laser pulses under 
investigation, it was tested using narrow test pulses of known width emitted by a 
GaAs multiple-quantum-well (MQW) laser (see $5.2). The rise time and halfwidths 
of these laser pulses are measured by the single-shot streak camera. Figure 13 shows 
the response for such MQW-laser pulses. The response of the system is neither 
gaussian nor lorentzian of shape, but rather is asymmetric. A detailed analysis of the 
complete detection circuit was made (and is described elsewhere: Bimberg et al. 
1985) and leads to a somewhat complex analytical formula for the time dependence 
of its response to a photon pulse of finite width. Without such an analysis a mean- 
ingful deconvolution of the detector response to varying laser signals would not be 

ir vidicon avalanche 
sampling bias generator 
scope  network 
I m u &  

recorder 
photo laser diode 
detector splitter 

Figure 12. Block diagram of a photodetector-based set-up for the detection of infrared pico- 
second pulses. 
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Iph(mA)  . 

0.2 - SbContoct 
ndwire 
Layer 
.GOAS 

0.1 - 

I ' , ' / ' I . I 1 1  

0 0.1 0.2 0.3 0.L 0.5 0.6 
time Ins1 

Figure 13. Photocurrent response I,, of the photodetection system (germanium photo- 
detector, see Fig. 12) to a multiple-quantum-well laser pulse of 26ps risetime and 33 ps 
FWHM. The insert shows schematically the detector design. The full line represents 
the experimental result; the dashed line represents our numerical fit, which is based on 
an analysis of the complete detection circuit. 

possible. The comparison of the measured response to the MQW-laser pulse (full 
line in Fig. 13) with the calculated one (dashed line in Fig. 13) demonstrates the 
precision of our theoretical description. 

5. Properties o f  the laser pulses 

Three different types of lasers have been employed so far for short pulse gener- 
ation: 

GaAs/GaAIAs V-groove and MQW lasers emitting in the 0&0.9pm wave- 
length range, and 
InGaAsP V-groove lasers emitting in the 1.2-1.3 jcm wavelength range. 

Some of the most important results for these three laser types will be presented now. 

Figure 14. Emission of a GaAs/DH V-groove laser after excitation with current pulses of 
I , , ,  = 2ns. The attenuation of the pulses decreases from bottom to top from 15dB to 
l2dB in steps of 1 dB, corresponding to J ,  = 4 . 5 J , ,  4 J , ,  3 . 4 J , ,  35,. 
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Ultrashort light-pulse generation by semiconductor lasers 39 

5.1. GaAs/GaAlAs V-grootie lasers 
The lasers used here are of a commercial DH V-groove type manufactured by 

AEG-Telefunken. The Al content of the active layers is -3%, resulting in an emis- 
sion wavelength of ~ 8 4 0 n m ;  the cavity length is z340pm.  The emission at DC 
excitation of I = 1.21, contains approximately 10 modes; typical threshold currents 
for C W  operation are I, - 80mA. 

Figure 14 shows 4 different optical pulses emitted from such a laser held at a 
temperature of 22" C after excitation with 2 ns/4O V pulses attenuated by 
12 . . . 15 dB, respectively. The time resolution of the streak camera is set to 15 ps. 
Just one relaxation oscillation, I,,,, = 82ps wide, is emitted at 15dB attenuation. 
After an increase of the current by 1 dB two more relaxation oscillations show up. 
The first relaxation oscillation has gained a factor of 3 in intensity and has a 
reduced width of 77ps. The delay time T, between electrical and optical pulse is 
reduced by 275 ps. This trend continues with increasing injection current: 

t,,,, decreases, 
T, decreases, 
the delay T between first and second relaxation oscillation becomes shorter, 
the peak power of the first relaxation oscillation increases in perfect agreement 
with the theoretical predictions (see Fig. 5). 

Figure 15 shows the minimum peak injection current Jm'" for laser activity for this 
laser at 10°C as a function of the width of the electrical pulses. For very narrow 
electrical pulses the threshold increases sharply and goes to infinity-again in agree- 
ment with theory. 

A variation of the injection current for a given pulse shape by fixed attenuators 
only is too coarse and not sufficient to find the optimum condition for minimum 
laser pulse width. We have therefore in addition varied the temperature of the laser. 
Thus the C W  threshold of the laser is varied together with the ratio of peak current 
to threshold current. The threshold increases with increasing temperature. Figure 16 
shows 4 optical pulses after excitation with 200ps/40V injection pulses attenuated 
by 6dB. The laser is held at temperatures of 30°, 25", 20°, 10°C respectively. The 
time resolution of the streak camera is 1.8 ps. 

Figure 15. Measured minimum peak injection current for laser emission ('effective thresh- 
old') as a function of the current pulses at T = 10°C for GaAs DH laser. 
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50 100 150 200 
time lpsl 

Figure 16. Light intensity versus time for different temperatures and for the dashed 
injection-current pulse of Fig. 9 at 6dB attenuation, corresponding to peak current 
ratios j, = 8.9 (10" C), 8.6 (15" C), 8.1 (25" C), 7.8 (30" C). 

At 10°C and at 15°C the emission consists of a number of closely spaced 
extremely narrow pulses, each of them having a halfwidth of a few picoseconds only. 
At 15°C the halfwidth of the envelope of these spikes is = 15ps. The total emission 
represents the first relaxation oscillation. A closer inspection shows that all spikes 
can be ordered to groups, where the time interval of members of the same group is 
roughly 9 p s  and the same for all groups. Despite all other fluctuations, this time 
interval always remains the same. The interval is much smaller than the time differ- 
ence to the second relaxtion oscillation, which can hardly be seen any more under 
these injection conditions. The round-trip time of a pulse in the cavity is equal to 
9 ps using an index of refraction n = 3.7. The spikes of one group are thus due to 
repetitive internal reflections of a single emission. The appearance of different 
groups might be caused by almost simultaneous 'ignition' at different points of the 
laser cavity. The intergroup time interval of a few picoseconds agrees with this inter- 
pretation. A further increase of the temperature to 2S°C suppresses all spikes except 
one, having a width of 2 ps only. The amplitude and the delay time show some jitter. 

The peak power of the laser is determined by a calibrated Si-photodiode. At 
25°C the peak power is = I  mW and the energy of the pulse is -2 x 3. At 
15°C the energy is already one order of magnitude larger. The spectrum of the laser 
under these circumstances is already very broad and similar to CW spectra close to 
the threshold. 

5.2. GnAs multiple-quantum-well laser 

These lasers were developed at the research institute of the German post oflice 
using molecular-beam epitaxy. Figure 17 shows the structure of this laser type. The 
active layer consists of 5 GaAs quantum wells each 75A thick, separated by 25A 
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n*- GaAs buffer, l.Opm, Si : 1 . 2 . 1 0 ~ ~  cm3 

5 GaAs PWs : 1, = 15A 

n*- GaAs substrate. -100 pm barriers : x ~ 0 . 2 ,  LB= 25A 

Au Ge, In solder/ 

Au-plated Cu heot sink 

Figure 17. Structure of the GaAs multiple-quantum-well lasers used for our experiments. 

thick Ga,.,AI,.2As barriers. The C W  threshold current density of these lasers is 
600A/cm2, corresponding to I, -- 40mA. Typically 4-5 longitudinal modes are 
emitted at a current of 50mA. Quantum-well lasers in general have a larger gain 
and a lower threshold than conventional double-heterostructure lasers. This advan- 
tage results from the increased readiative recombination probability of the charge 
carriers, which are structurally localized in the wells (Christen et al. 1984). 

Figure 18 shows 4 pulses emitted from such a laser held at 20°C after excitation 
with 200ps/40V pulses attenuated by 3-6dB respectively. The time resolution of the 
streak camera is 8ps.  At 6 d B  only the first relaxation oscillation with a width of 
18 ps is emitted. The peak power is 200mW and the pulse energy is 4pJ. Subsequent 
pulses show almost no amplitude fluctuation, and the time jitter is below our 
resolution! 

Figure 18. Light emission versus time from a M Q W  laser after excitation with 200ps pulses. 
Resolution of the streak camera is 8 ps. Attenuation of the electrical pulses is (a) 6dB, 
(b) 5 dB, (c) 4 dB, (d) 3 dB. 
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At 5 d B  attenuation a second relaxation oscillation is emitted 40ps after the first. 
The intensity of the first relaxation oscillation has increased by a factor of three 
(peak power 600mW). By further increasing the current, the optical intensity again 
increases, albeit by a smaller amount. At 3 d B  the second relaxation oscillation 
appears =34ps after the first. The ratio of the amplitudes of subsequent relaxation 
oscillations is smaller than for the DH lasers investigated. The spectra show for all 4 
cases clearly resolved longitudinal modes. The spectral width is only a factor of 5 
larger than under CW emission condition. 

A detailed study of the optimum condition for minimum temporal pulse width 
will be presented elsewhere (Ketterer er 01. 1985). 

5.3 InCaAsPJInP V-groove lasers 

The lasers used here are structured in a similar way as the GaAs lasers discussed 
in $5.1. They were also manufactured by AEG-Telefunken and are emitting at 
1.23 pm or 1.26}tm. Typical DC threshold currents are 150mA. All experiments are 
carried out a t  a laser temperature of 20°C, which is controlled by a Peltier cooler. 
The photodetection system was described in 64.2. Figure 19 shows the response of 
the detection system to 1.23pm Ga,In,-,AsyP, -, laser pulses at three different 
values of the ratio of the injection peak current I to the DC threshold current I , .  A 
250 ps/40 V pulse generator (see insert of Fig. 19) was used. With increasing I I I ,  the 
second and following relaxation oscillations appear clearly as peaks or shoulders in 
the photocurrent. 

time (ps) 

Figure 19. Photocurrent response I,, of the detection system to 1.23pm Ga,In,-,As,P, -, 
laser pulses at three different J o / J ,  values. For J o / J ,  = 5.1 the deconvoluted laser 
pulses are shown. For the sake of clarity the deconvoluted pulse is shifted by ~ 5 0 ~ s  
to later times. 
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The apparent spacing of the first two relaxation oscillations is % 33 ps (at 111, = 
6.4). The risetime of the photocurrent pulse observed at III, = 5.1 is 37 ps. 

The deconvolution procedure mentioned in 54.2 is employed in order to deter- 
mine the true FWHM of the light pulses emitted by the laser, assuming a gaussian 
shape. The dashed lines in Fig. 19 show the result of this deconvolution for 111, = 
5.1. The FWHM of the first relaxation oscillation, which almost completely domi- 
nates the emission at this current, is found to be 15ps. To  the best of our knowledge 
this is by far the shortest light pulse generated to date at this wavelength by direct 
modulation of a semiconductor laser. 

The observed FWHM is in agreement with theory (Scholl et al. 1984), which 
predicts a FWHM somewhat shorter than half of the spacing of the first two relax- 
ation oscillations. The pulse energy and peak power of the first relaxation oscillation 
is determined from the response to a calibrated commercial germanium avalanche 
photodiode (Alcatel C G  4015), which has a sensitivity of 0.6 f 0.2A/W at 1.23pm 
at a reverse bias of 10V. For 111, = 5.1 a pulse energy of 2.9 0.9pJ and a peak 
power of 200 f 70mW is found. More details will be published elsewhere (Bimberg 
et al. 1985). 

6. Conclusion 
The kinetics of generating ultrashort light pulses by gain modulation of unbiased 

semiconductor lasers emitting relaxation oscillations is modelled theoretically here 
and described using phase portraits. The halfwidth of the first relaxation oscillation 
is found to decrease below 10 ps in our model for typical GaAs D H  laser parameters 
if sufficiently large and narrow current pulses are used for injection. The magnitude 
of the injection current, however, cannot be arbitrarily increased. Apart from techni- 
cal problems, a t  large currents more than one relaxation oscillation is emitted and 
the overall width of the pulse train increases again. Minimum pulse width at 
maximum peak power is obtained for injection pulses of an optimum shape such 
that the second relaxation oscillation is just not yet triggered. It remains the 
problem of the experiment to generate such electrical pulses. T o  facilitate this task 
and to gain deeper physical insight in the most important laser-design parameters 
approximate analytical solutions for the width of the laser pulse, its intensity, and 
the delay time between optical and electrical pulse are derived. 

Our experimental observations confirm the theoretical predictions extremely 
well. The key result of this paper is that, largely independently of the laser type, we 
are able to produce single laser pulses at high repetition rates up to 10 MHz typi- 
cally 15ps wide at a peak power of at least 200mW. The pulses show very little 
amplitude and time jitter. We demonstrate this here for three different types of 
lasers: GaAs D H  and MQW lasers emitting in the 0 .84 .9pm range and InGaAsP 
DH lasers emitting in the 1.2-1.3pm range. Since we are probably still not employ- 
ing 'the optimum' injection pulse shape, there exists a further potential for decreas- 
ing the width. Indeed for some GaAs DH lasers we have observed pulses as narrow 
as 2ps  by tuning the laser operating temperature instead of the peak injection 
current. These pulses are much weaker ( x  1 mW), however, and showed compara- 
tively larger amplitude jitter. 

Special injection pulse generating circuits and optical pulse detection systems for 
the two different wavelength ranges with temporal resolution in the picosecond 
range had to be developed to perform the experimental part of the work, and are 
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described in detail. The advantages of a full modulation of the laser current (no 
prebias) and an injection pulse shape independent of repetition frequency as  used 
here are demonstrated. 

The results of our time-resolved experiments and theoretical predictions are 
complementary to the recent exciting experimental results of Lau e t  al. (1984, 1985) 
and Onodera e t  al. (1984): using suitable lasers and pulse generators it should be 
possible to generate lops  o r  narrower pulses at repetition rates of lOGHz which are 
still Fourier-transform-limited (show single longitudinal modes). 
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